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Abstract

Structural durability is a growing concern in global infrastructure. The infrastructure
report card released by the American Society of Civil Engineers (ASCE) indicates that
approximately 9.1% of the total bridges in the United States were structurally deficient
in 2016. In addition, it suggests that about 40% of the total bridges in the country are
now 50 years or older. This issue becomes even more critical in structures exposed to
aggressive environments such as marine structures. Thus, federal and regional efforts are
now being directed towards infrastructural durability improvement to improve the long-term
cost-efficiency of civil infrastructure.
Corrosion prevention strategies may include increased concrete cover thickness, higher
concrete quality, and corrosion-resistant alloys (CRAs) such as stainless steel (SS). Over
the past couple of decades, SS reinforcement has garnered attention due to its increased
service life. Several investigations have found that the life cycle cost of structures reinforced
with SS may be considerably lower than that of plain carbon steel (CS). The service life of
steel reinforcement may be divided into two stages: the corrosion initiation stage (CIS) and
corrosion propagation stage (CPS). The durability of SS reinforcement has been commonly
approached using the model proposed by Tuutti [6] where the service life of a structure,
which is the time required for corrosion loss in the steel to reach a serviceability limit state,
is determined by the added duration of the CIS and the CPS.
The increased durability of SS reinforcement has been primarily attributed to a greater
corrosion initiation threshold (CT ) which could be up to one order of magnitude greater
when compared to that of CS. Nevertheless, no significant benefit has yet been associated
to extensions in the subsequent CPS. Hence, existing durability projections of concrete reinforced with SS are limited by the scarce information available regarding the CPS, leading
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to highly conservative approaches based on investigations performed on concrete reinforced
with CS.
This investigation compiles relevant information from the literature of the CPS focusing
on the few cases where SS reinforcement had reached, and preferably finalized, the corrosion
propagation stage. Where literature evidence of SS reinforcement was not available, findings from CS reinforcement were considered. The information garnered was compared to
laboratory experimental and computational model simulation results obtained at the Infrastructural Corrosion Laboratory of the University of South Florida.
This work focused on identifying influential parameters that may play a major role in
estimating the duration of the CPS. The CPS of SS reinforcement was assessed in terms
of four governing factors consisting of the corrosion morphology, corrosion products, corrosion rates, and the limit state. Different failure mechanisms were examined as a first
approach to determine the expected limit state of concrete reinforced with SS. The effect
of the concrete condition -i.e., sound and locally-deficient-, on the potential limit state of
SS reinforced concrete was also considered. Experimental results and available evidence
from previous investigations served as inputs to update estimates of duration of the CPS of
concrete reinforced with SS in current civil engineering practice.
The reliability of traditional corrosion detection and monitoring techniques -i.e., half-cell
potential and electrochemical impedance spectroscopy- was examined for SS reinforcement.
Current standards relating the probability of corrosion damage and experimental measurements are based on CS reinforcement. Findings from this research suggest that the existing
relations may not be applicable to SS reinforcement and that further work is required to
develop similar relations that consider the CPS parameters of SS reinforcement.
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1. Introduction

Structural deficiencies in current infrastructure are largely associated with corrosion damage of reinforced concrete (RC) structures, especially under aggressive exposure conditions,
such as marine environments or the action of deicing salts. In an attempt to increase the
durability of RC structures, corrosion-resistant alloys (CRAs), such as stainless steel (SS),
have garnered attention over the past two decades [6–15].
The enhanced durability of structures reinforced with SS reinforcement has been associated with a delay in the corrosion initiation, indicated by research-based evidence that
suggests that SS reinforcement presents a chloride threshold about one order of magnitude
greater than that of plain carbon steel. In contrast, no beneficial influence has been associated with the subsequent CPS [16, 17].
Experimental and field-exposure studies from documented investigation rarely reach the
end of the CPS. Most tests performed on SS reinforcement involve some form of corrosion
acceleration technique that could range from minor forms of acceleration -e.g., the application of chlorides- to more aggressive corrosion acceleration techniques -e.g., the application of
high anodic current or potentials- [1]. This is mainly due to the inherent corrosion-resistant
attributes linked to SS reinforcement, as well as the short execution period of existing studies in relation to actual service life estimates of SS. On most occasions, investigations are
terminated before a limit state is reached. Consequently, the limit state criteria for SS
has been almost exclusively based on experimental data and empirical models of plain CS
reinforcement.
The same challenge is faced when considering existing studies addressing the reliability of
non-destructive techniques (NDTs) to detect and monitor corrosion, such as half-cell potential and electrochemical impedance spectroscopy (EIS). While most research attention has
1

targeted the reliability of these techniques on CS reinforcement, an analysis of the limitations
in the applicability of these techniques to SS reinforcement has not been undertaken. Thus,
the uncertainty in the service life projections of structures reinforced with SS is often exacerbated by the lack of information regarding the sensitivity of traditional corrosion detection
and monitoring techniques wherein the increased degree of localized corrosion expected in
SS reinforcement may limit the feasibility of these techniques.
The duration of the CPS of SS reinforcement could potentially be severalfold longer than
that of CS due to its intrinsic corrosion resistance. Hence, the duration that is presumed to
be only a few years for CS, could be greatly extended in case of SS. The expected delay in
the CPS requires further analysis since it could be limited by the action of highly aggressive
environments and the degree of localized corrosion in SS reinforcement.
Given that the concentration of chlorides required to initiate corrosion is much greater
in SS when compared to CS reinforcement, the relation between corrosion resistance and
medium aggressiveness may be comparable between SS and CS reinforcement. This would
indicate that the corrosion resistance of SS reinforcement may be balanced by the aggressiveness of the environment leading to comparable corrosion rate values. Similarly, highly
localized corrosion in SS reinforcement could possibly cause mechanical failure of the steel.
This is not the case of CS reinforcement where corrosion is expected to attack the surface
uniformly, causing the expansive corrosion products to crack the concrete surface cover before mechanical failure of the steel occurs. Both factors cast doubt on the expected delay
in the CPS of SS. Nonetheless, the lack of quantifiable estimates may lead to highly conservative assumptions that base the corrosion behavior of SS reinforcement on information
abstracted from CS reinforcement investigations.
If the assumptions negating the extended CPS in SS reinforcement turned out to be
unjustified, this high conservatism level could cause considerable service life underestimations
of SS reinforced structures, as well as, costly additional corrosion prevention strategies.
Alternatively, if these assumptions were confirmed and no significant extension in the CPS
2

was found in SS, quantifiable and solid arguments would be obtained for decision making
in terms of appropriate design for durability. In either case, more reliable estimates of the
duration of the propagation stage for SS reinforcement would allow for realistic durability
projections. This thesis research seeks to expand by literature, and experimental assessment
the knowledge on parameters governing the corrosion propagation stage in SS reinforcement,
as well as to obtain a more accurate estimate of the extent of the propagation stage benefit
that may be derived from the use of SS, toward optimizing its use in current engineering
practice. The present work will also examine the reliability of means of monitoring SS rebar
corrosion as part of a forecasting process and establish possible alternatives that could be
evaluated in subsequent investigations.
This investigation provides a review of the key factors governing the corrosion propagation stage in stainless steel reinforcement compared to plain carbon steel. The present thesis
is organized as follows. Chapter 2 presents a review of fundamental corrosion mechanisms
and concepts of corrosion of steel in concrete, corrosion propagation stage parameters and
feasibility of existing non-destructive corrosion detection techniques along with a comparison
between plain CS and SS reinforcement. The experimental methods of four interconnected
experiments consisting of representative concrete beams, concrete cylinders, locally-deficient
concrete specimens, and a legacy specimen are described in Chapter 3. Chapter 4 presents
experimental data obtained in this investigation along with literature data to examine the
main parameters governing the CPS in SS reinforcement. In this chapter, a preliminary approach to determine the limit state of SS reinforcement is also introduced. The applicability
of NDT for corrosion detection and monitoring in SS reinforcement is presented in Chapter
5. The findings of Chapter 4 are used as inputs to CPS estimates and services life forecasts
presented in Chapter 6. Chapter 7 summarizes the conclusions while Chapter 8 considers
future work that may better support reliable durability estimates of SS RC infrastructure.
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2. Background

This chapter presents relevant concepts and mechanisms that may provide background
on quantifying the corrosion propagation in stainless steel reinforcements. This includes a
review of fundamental corrosion concepts, as well as steel reinforcement in concrete. Furthermore, corrosion of steel in concrete and some of the governing factors of the corrosion
initiation and corrosion propagation stage are presented. Special attention is given to the
corrosion propagation stage and the available models to forecast its duration. The sensitivity of traditional non-destructive techniques, such as half-cell potential and electrochemical
impedance spectroscopy is also discussed in this chapter.
2.1

Review of Fundamentals
The following section discusses fundamental principles of corrosion. This includes the

basics of corrosion, the governing reactions that take place in the corrosion process, as well as
corrosion mechanisms that may occur in reinforced concrete (RC). Moreover, an introduction
to the formation of macrocells and microcells in reinforced concrete is presented.
2.1.1 Basic Corrosion Principles and Mechanisms
Subsequent to the breakdown of the passive film, corrosion products are formed on the
steel surface. The actively corroding region presents iron dissolution in pore water, expressed
as

F e → F e2+ + 2e− .

(1)

The electrons produced in the anodic reaction need to be consumed at the cathodic site
to preserve electrical neutrality. Assuming there is water and oxygen available at the steel
4

surface, the cathodic reaction wherein these free electrons are consumed is represented by
1
O2 + H2 O + 2e− → 2OH − .
2

(2)

The hydroxyl ions generated in the cathodic reaction increase the alkalinity in the concrete, thus, increasing the stability of the passive film at cathodic sites. In addition, the
iron ions generated in the iron dissolution reaction (Equation 1) continue to react within
the pore solution to form corrosion products. Some of the main reactions that represent the
generation of corrosion products in plain steel are expressed as

F e2+ + 2OH − → F e(OH)2

(3)

4F e(OH)2 + 2H2 O + O2 → 4F e(OH)3

(4)

2F e(OH)3 → 2H2 O + F e2 O3 .H2 O

(5)

where ferrous hydroxide converts into ferric hydroxide and then hydrated ferric oxide, often
referred to as rust. Unhydrated ferric oxide (Fe2 O3 ) presents a volume about twice as high
as the original volume of iron. After hydration, the volumetric increase becomes even more
significant reaching volumes up to six times greater than that of iron.
It is important to note that for corrosion to occur, four components are required: the location wherein species are oxidized (anode), the location where species are reduced (cathode),
ionized solution (electrolyte), and a path allowing electron transfer (electronic pathway).

2.1.2 Macrocells and Microcells
Anodic and cathodic processes may produce electrochemical corrosion cells in RC. Depending on the separation between the anode and the cathode, macrocells or microcells could
5

be formed. While in microcells the anode and cathode are separated by very small distances,
in macrocells this distance is considerably greater -i.e. severalfold orders of magnitude-. Corrosion in RC is most commonly supported by microcells, with macrocells contributing to the
corrosion rate only marginally. Nevertheless, chloride-induced corrosion promotes the formation of well-defined macrocells [18]. This is partly attributed to the mechanism of chloride
attack, with pit formation and small concentrated anodes balanced out by large cathodes.
It is important to note that the chloride attack mechanism is often associated with concrete
with high moisture content values that enhance the transport of ions.

2.2

Steel Reinforcement in Concrete
In the attempt of searching for increased durability in structures exposed to chloride-

bearing environments, corrosion-resistant alloys have been proposed as a design alternative.
The structure and concrete properties, as well as exposure conditions, would define the most
adequate alloy.
The corrosion resistance of steel reinforcement is attributed to their protective passive
film. In carbon steel RC, the highly alkaline environment provided by mainly sodium and
potassium hydroxides in the pore solution yields suitable conditions for a thin protective
oxide film. This oxide film, which is only a couple of nanometers thick, is mainly composed of
iron oxides [19]. Although the protective film in carbon steel is not vulnerable to mechanical
damage, it may be broken down by sufficiently aggressive environments .
While the passive film in plain carbon steel is protective only under alkaline concrete
environments [20, 21], several investigations suggest that the chromium-rich passive layer of
stainless steel provides a higher resistance to corrosion compared to carbon steel reinforcement [20].
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2.2.1 Stainless Steel Reinforcement
Stainless steel reinforcement is comprised of iron and alloying elements, such as chromium,
nickel, magnesium, molybdenum, and nitrogen. ASTM A955 contains specifications of stainless steel reinforcements, which consists of ferrous alloys with chromium contents greater than
10.5% by mass.
SS reinforcements are considered attractive alternatives in RC structures when designing for extended service life or highly aggressive environments. Furthermore, this type of
reinforcement has been proposed as a potential reinforcement when repairing deteriorated
concrete structures. The increased corrosion resistance of stainless steel reinforcement has
been mainly attributed to the oxide layers developed on its surface [22]. The resistance
of the passive films is controlled by the chemical properties of the alloy, environment and
conditions wherein it is formed [20].

2.2.2 Stainless Steel Reinforcement Available Grades
Several grades of SS have been proposed as reinforcement material. In practice, there are
three main types of SS reinforcement, which consist of austenitic, duplex, and ferritic. The
austenitic type is non-ferromagnetic and is characterized for having a face-centered cubic
structure [1]. In contrast, the ferritic type is ferromagnetic and presents a body-centered
cubic structure. The austenitic and ferritic grades are characterized for presenting a single
phase while the duplex grades are comprised of a combination of austenite and ferrite phases.
In current engineering practice, the most commercially available SS reinforcement bars are
austenitic and duplex [1]. Hansson [1] compared the chemical composition of some of these
SS grades, as shown in Table 2.1. The alloys are listed in accordance to their UNS (Unified
Numbering system) numbers, as well as their AISI (American Iron and Steel Institute) grade
designations
From a structural perspective, austenitic grades are often more adequate for seismic
design due to their increased ductility and work-hardenability. Nonetheless, duplex grades
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may offer greater strengths that despite their lower ductility could allow the reduction of the
bar diameter, thereby improving concrete compaction and reducing rebar congestion.
Table 2.1: Specified ranges (in weight%) of the constituent elements of some stainless steel
reinforcement alloys [1].
UNS
S31653
S30403
S24100
S32205
S32304
S32101

2.3

Steel
AISI
316LN .4403
304L
24100
2205
2304
2101

type
C
N
0.03
0.16
0.03
0.10
0.15 0.2–0.45
0.03 0.14–0.20
0.03 0.05–0.2
0.03
0.22

Alloying element
Cr
Ni
Mo
Mn
P
16.0–18.0 10.0–14.0 2.0–3.0
2.00 0.045
18.0–20.0 8.0–12.0
2.00 0.045
16.5–19.5 0.5–2.5
11–14 0.06
22.0–23.0 4.5–6.5
3.0–3.5
2.00
0.03
21.5–24.5 3.0–5.5 0.05–0.6
2.5
0.04
21.5
1.5
0.3
5.0
0.04

S
0.03
0.030
0.03
0.02
0.03
-

Si
0.75
1.0
1.0
1.0
1.0
1.0

Corrosion of Steel in Concrete
In CS reinforced concrete, the steel is protected by the alkaline environment provided by

the solution contained in the pores of hydrated cement paste [23]. Initially, the steel in sound
concrete (without preexisting deficiencies) remains passive and corrosion rates are virtually
negligible. Once the passive film is fully or locally damaged, corrosion may initiate. This
damage may be caused by ither the action of carbonation of the concrete, the penetration
of chlorides, or a combination of both.
Carbonation is the loss of alkalinity due to carbon dioxide in the atmosphere causing
drops in the pH of the concrete. The loss of the alkaline environment provided by the
concrete required for the stability of the passive layer enables corrosion to occur. In a similar
manner, a sufficiently high concentration of chlorides at the steel surface may destroy the
passive film, despite the alkalinity of the concrete. In modern infrastructure, especially that
exposed to marine environments and the action of de-icing salts, chloride-induced corrosion
is considered as the prevalent mechanism. Similar deterioration is expected to occur in SS
reinforced concrete. Nonetheless, this deterioration process is expected to occur at a slower
rate given the corrosion-resistance of SS reinforcement.
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2.3.1 Corrosion Initiation Stage
In chloride-induced corrosion, local destruction of the passive layer is expected to occur
when a critical amount of chloride ions reach the steel surface after diffusing through the
concrete cover. Subsequently, localized corrosion is expected to take place at the location of
the passive film breakdown if moisture and oxygen conditions are provided. This first stage
is known as the corrosion initiation stage (CIS).

2.3.1.1

Chloride Penetration

The penetration of chlorides from the environment through the concrete can be represented by a profile that exhibits a high chloride content in proximity to the external surface
and a lower chloride content at greater depths [23]. In the practice, several factors are
expected to influence the chloride profile for a RC element at a given location and time.
The most important factors are related to the concrete properties, transport mechanisms,
concrete moisture content and environmental exposure conditions.
Transport of chlorides in RC elements may take place through diffusion, capillary suction,
permeation, and migration mechanisms [19, 24, 25].
All transport parameters are influenced by the concrete microstructure and properties.
In actual structures, the porous structure of the concrete and other properties vary over
time as the hydration process occurs. Furthermore, a combination of transport mechanisms
could occur simultaneously [24]. Alternative procedures have been proposed to address the
intricate nature of chloride transport in concrete, as well the difficulty in assessing adequate
values of relevant transport parameters. In the case of marine structures and road structures
exposed to the action of de-icing salts, it has been suggested that chloride profiles may be
fairly described by

C(x, t) = CS 1 − erf



x
√
2 Dt


,

(6)
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where C(x,t) is the chloride concentration at a given depth and time. This equation is
obtained assuming that no chlorides were present in the concrete initially, constant concentration of diffusing chloride ions in time (Cs ), and diffusion coefficient (D) constant over
time and depth. Collepardi [26] first proposed this relationship to produce chloride penetration profiles that would appropriately represent concrete under diffusion conditions. In RC
elements completely and permanently saturated with water, diffusion is considered as the
governing transport mechanism. It is important to note that this relationship is used as an
approximation tool to represent a chloride penetration profile at a particular time.

2.3.1.2

Chloride Threshold

Considering the cement paste microstructure, free chloride ions -i.e., chloride ions dissolved in the pore solution- are responsible for chloride-induced corrosion while those bound
to constituents of the cement paste do not play a major role in the corrosion process. Although it remains uncertain whether bound chlorides may contribute to corrosion initiation,
it has been suggested that only free chlorides should be considered in the chloride threshold
estimation.
The total chloride content is easier to measure in the field. Therefore, the chloride
threshold commonly considers the critical total chloride content in terms of the percentage
of chlorides with respect to the cement mass. An investigation performed by Glass and
Buenfeld [27] suggests that the chloride threshold may be influenced by several factors which
are mainly the electrochemical steel potential, concrete pore solution pH, and the presence
of voids at the steel-concrete interface. The steel potential is influenced by the concrete
moisture content which is also related to the oxygen availability at the steel surface. Another
investigation performed by Hausmann [28] indicated that pitting corrosion may only occur
after exceeding a critical ratio of chloride and hydroxyl ions, suggesting that the chloride
threshold is also a function of the pH in the concrete pore solution. Furthermore, the
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chloride threshold parameter is also believed to be affected by the pore macrostructure and
microstructure.
Even though the primary factors influencing the chloride threshold have been well defined,
there is still a high uncertainty associated with the estimation of this parameter. One
of the challenges lies on the stochastic nature of pitting corrosion which demands a large
amount of data to define the probability distribution of the chloride threshold. Furthermore,
there is no universally accepted method for the estimation of the chloride threshold in steel
reinforcement on actual structures and laboratory exposure investigations [25, 27, 29–31]. In
the case of SS, the available literature on the chloride threshold is even more scarce, especially
in actual structures. Lollini [31] compiled the chloride threshold values obtained by several
investigations carried out within the last four decades of concrete reinforced with austenitic
and duplex SS.

2.3.2 Corrosion Propagation Stage
Once corrosion has initiated, a macrocell is formed wherein an aggressive environment
is produced inside the pits while the surrounding areas remain passive. Corrosion then
continues to occur until the structural element can no longer serve its purpose, also known
as the limit state. This second stage is known as the corrosion propagation stage (CPS).
This two-stage model was first proposed by Tuutti [6] in 1982 to represent the service life of
RC structures, as shown in Figure 2.1.
In non-carbonated concrete, the penetration of chlorides leads to a local breakdown in
the passive film of the steel reinforcement causing localized corrosion to occur. Subsequent to
the initiation of localized corrosion, an aggressive environment is generated at the corroding
spots (anodic region) whereas the rest of the steel protective film remains passive (cathodic
region). Consequently, the current flow from the anodic to the cathodic regions causes an
increase in chloride content and a decrease in the pH at the corroding spots, while the
protective film in the cathodic regions is strengthened.
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Figure 2.1: Schematic for steel corrosion sequence in concrete. Adapted from Tuutti [6].
Corrosion in the anodic region may present evidently high corrosion rates resulting in
a progressive reduction of the steel cross sectional area. A sufficiently high corrosion penetration of the steel reinforcement, known as the critical corrosion penetration (XCRIT ), may
yield a limit state.
Bertolini [19] suggests that corrosion of steel in chloride-contaminated RC may be exacerbated by the macrocell action between the anodic and cathodic regions where the anodic
and cathodic processes concentrate, respectively. Corrosion rates are often negligible in
structural elements with limited oxygen availability. Nevertheless, when oxygen is widely
available, a macrocell could be formed promoting corrosion initiation and propagation on
the steel in water-saturated concrete. Furthermore, the macrocell action is expected to be
influenced by the ratio between the anodic and cathodic regions, as well as the resistivity of
the concrete [23]. The macrocell action is especially important in submerged elements.
The deteriorating steel yields negative effects on the structural and durability performance of a RC structure. Thus, the determination of the duration of the CPS is a complex
process that requires the consideration of relevant factors influencing the corrosion process
and the resulting damage in the prediction model. The duration of the CPS is suggested to
be mainly governed by the corrosion rate [32]. Moreover, the CPS is bounded by the limit
12

state which is also associated with factors such as corrosion morphology, corrosion products
and corrosion penetration of the steel reinforcement.

2.3.2.1

Corrosion Morphology

The morphology of the corrosion attack in RC has a direct influence on the limit state.
During the CPS, low carbon steel is expected to present a rapid, global depassivation around
the steel surface. CS may also be subjected to localized corrosion and then transition to a
more uniform attack. In the case of SS reinforcement, a previous investigation suggests that
it has a higher resistance to lateral corrosion propagation. Thus, deep localized pits with a
lower risk of global depassivation would be expected in SS.
Some of the most common corrosion propagation models estimate the time for propagation as a function of radial penetration (XCRIT ) as well as lateral extent of corrosion(anode
length) [33, 34]. The corrosion morphology is likely to differ among different steel alloys.
Therefore, it is important to analyze several aspects of the CPS such as radial penetration
corrosion propagation rate, lateral spread or propagation of corrosion along the steel surface,
and the pitting factor or average damage depth over the entire steel surface compared to the
local depth of penetration due to pitting [16].

2.3.2.2

Corrosion Products

During the CPS, corrosion products are formed at the steel surface [6]. In plain steel,
these corrosion products are mostly comprised of iron oxides and iron oxide-hydroxides. The
specific volume of iron oxides and oxide-hydroxides are considerably higher when compared
to that of pure iron. The volumetric expansion due to the formation of corrosion products
would generate radial pressure at the steel-concrete interface that may result in possible
concrete cracking or delamination, or even structural failure [35]. Given the critical influence
of corrosion products in the CPS, models developed should account for the characteristics of
the different corrosion products formed during corrosion of steel reinforcement in concrete.
13

2.3.2.3

Corrosion Rates

Subsequent to corrosion initiation in RC, the presence of aggressive substances yields to
an asymmetrical loss of rebar diameter. The difference between the residual diameter and
the initial diameter may then be estimated to estimate corrosion penetration. In the case
of localized corrosion, the residual diameter may be obtained from the depth of the deepest
pit. In the literature, two main techniques have been used to measure corrosion penetration,
those being gravimetric measurements to determine cumulative loss and electrochemical
techniques to measure the metal weight loss using Faraday’s law [36].
Corrosion rates are strongly influenced by factors including the moisture content of the
concrete, temperature around corroding areas, chemical characteristics of the pore solution,
porosity of the concrete, and other indirect factors such as environmental variations along
the metal.
According to Bertolini [19], corrosion rates may range from several tens of µm.yr-1 to
localized values of 1 mm.yr-1 for structures exposed to the atmosphere with relative humidity values from 70% to 95% and chloride contents greater than 1% by mass of cement. A
specification for on-site corrosion rate measurements was developed by the RILEM technical
committee on Electrochemical techniques for Measuring Corrosion of steel in concrete, 154
EMC [36]. The technical document performed by Andrade and Alonso [36] classified corrosion rates for plain steel-reinforced concrete into four levels, shown in Table 2.2. It is worth
noting that the values presented in Table 2.2 may only serve as a reference and should be
cautiously considered. Furthermore, these values may not be applicable to certain concrete
and/or exposure conditions.
It is important to note that corrosion rates may be even higher when elevated temperatures are considered [23]. Even though there are no clear relations available that explain the
influence of temperature and humidity on corrosion rates, it is believed that the resistivity of
the concrete is closely linked to the corrosion rate at moderate-to-low temperatures. Thus,
14

Table 2.2: Corrosion rate classification. Adapted from Andrade and Alonso [36].
Corrosion level
Extremely high
High
Moderate
Low
Negligible

Corrosion Current (µA.cm-2 )
>10
10-1
1-0.5
0.5-0.1
<0.1

Corrosion Rate (µm.yr-1 )
>117
117-12
12-6
6-1
<1

variations in temperature and humidity are expected to indirectly influence corrosion rates
through their effect on the electrochemical reactions at the steel-concrete interface, as well
as ion transport between the macrocell.

2.3.2.4

Limit State

The limit state consists of a predefined level of damage that represents an acceptable level
of damage denoting the end of the CPS of a structural element. Corrosion-induced damage
in RC could range from loss of steel cross-section, loss of stiffness, loss of steel-concrete
interface bond, cracking of the concrete cover, to local or global failure of the structure or
its elements. Conservative limit states that represent an acceptable level of damage without
compromising human safety are usually proposed in civil engineering practices.

2.4

Corrosion Propagation Models
The service life of RC structures is usually modeled by considering distinct phases

bounded by given corrosion-induced damage indicators. Corrosion propagation is influenced
by a variety of factors including concrete properties, moisture content, environmental and
loading conditions, cathodic kinetics, and others. Nevertheless, propagation models may only
incorporate some of these directly while attempting to indirectly account for the remaining
factors.
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CPS prediction models are usually developed considering electrochemical principles of
corrosion in RC [37], statistical analysis of experimental tests [34], or a combination of the
previous [32, 38].
The available literature that studies corrosion propagation of RC remains limited. This
becomes even more scarce for CRAs such as SS reinforcement. Otieno et al. [32] compiled
the available published literature regarding propagation prediction models. This investigation was split into two parts consisting of a review of individual models and a critique of
the models available. According to Otieno et al. [32], propagation prediction models should
represent corrosion propagation parameters under actual service conditions, account for the
variability of the parameters involved based on representative data, as well as be flexible
enough to suit the prevailing concrete and exposure conditions. Reliable corrosion propagation models not only require the consideration of corrosion-influencing parameters, but
also the definition of realistic corrosion-induced damage levels. Furthermore, the validation
of these models from natural corrosion conditions is fundamental to validate any proposed
models.
Several models have been developed for CS reinforcement. These models solve Laplace’s
equation (see Equation 7) to estimate the electric potential distribution on the steel surface
assuming electrical charge conservation and isotropic conduction. Corrosion rates may be
then estimated as

52 φ = 0,

(7)

where φ is the electric potential and 5 is the harmonic operator. Equation 7 is solved
using boundary conditions such as concrete resistivity, oxygen diffusion and pH of the pore
solution.
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2.5

Review of Corrosion Detection Techniques in SS Reinforcement
While investigations have thoroughly addressed the reliability of corrosion detection tech-

niques of CS reinforcement, very little work has addressed the variations in the applicability
of these techniques to SS reinforcement. This section evaluates the sensitivity of traditional
corrosion detection methods such as half-cell potential and electrochemical impedance spectroscopy to stainless steel corrosion in concrete.

2.5.1 Half-cell Potential
In theory, with the formation of an anode, the breakdown of the local stable passivity
in passive materials results in a drop of the open circuit potential at that location. This is
caused by the anode-cathode interaction wherein the increasing number of electrons can only
be balanced by a drop of potential in the anode, assuming that the surface responsible for
the cathodic reaction remains relatively the same as before. Although this has been proven
for the case for plain steel, differences in corrosion behavior in the more CRAs may limit the
applicability of the half-cell potential technique to stainless steel reinforcement.
A traditional NDT that has been widely used to detect the corrosion condition in steel
reinforcement is half-cell potential (HCP) mapping. The half-cell potential method (per
ASTM C876 guidelines) provides potential ranges associated with different probabilities of
corrosion. This technique provides a reference to identify areas of high corrosion risk. Table
2.3 presents the HCP ranges, in reference to a Copper-copper Sulfate Electrode (CSE) and
a Saturated Calomel Electrode (SCE), suggested by ASTM C876 [39].
A similar specification was proposed by RILEM 154 EMC [40]. The RILEM technical recommendation on HCP, applicable to structures with ordinary or stainless-steel reinforcement,
provides typical active corrosion potential ranges of normal steel reinforcement. According
to the authors, stainless steel and carbon steel exhibit similar passive potentials [40].
It is important to note that HCP values are strongly influenced by the concrete resistivity,
as an indicator of the saturation condition, and the concrete cover (Xc ) [40]. The macrocell
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Table 2.3: Criteria to evaluate corrosion potentials per ASTM C876.
Probability of corrosion
90% - High
Uncertain
10% - Low

CSE (mV)
V < -350
-200<V< -350
-200<V

SCE (mV)
V < -276
-124< V <-276
-124<V

current that is formed due to the action of the anode polarizing the passive regions yields
a drop in potential that is easily detected in concretes with a low resistivity. Nevertheless,
as the resistivity of the concrete increases, the electrical conductivity and macrocell current
decrease, making it more difficult to detect corroding regions. Similarly, the HCP drops are
more evident at the steel surface. Thus, as greater concrete cover values are considered, the
more challenging it is to detect corrosion locations.
Several investigations have found that HCP results may provide reasonable correlations
for passive and active corrosion regions of steel reinforcement in concrete. While there is
not much reported information on the stainless steel propagation stage, it is expected that
the inherent characteristics and corrosion properties of SS reinforcement such as corrosion
morphology, cathodic kinetics and self-healing passive film may limit the feasibility of this
technique to detect corrosion. Recent investigations suggest that corrosion of SS reinforcement is not only longitudinally confined to the length of the anode but also confined to
a portion of the circumference around the steel reinforcement [4, 41]. Differences in the
morphology of corrosion of SS reinforcement may alter the sensitivity of this technique.
Subsequent to the onset of corrosion, its rate is often limited by the rate of the cathodic
reaction. Several investigations have suggested that the cathodic efficiency of passivated and
sandblasted SS is relatively low when compared to CS reinforcement [42, 43]. Furthermore,
the cathodic kinetics of SS reinforcement was found to be governed by the chemical composition and surface condition [43]. Another study that investigated the effect of galvanic
coupling between SS and CS concluded that the increase in corrosion rate on CS embedded
in chloride contaminated concrete due to galvanic coupling with austenitic SS is considerably
lower than that caused by coupling with passive CS [31,44]. A subsequent research suggested
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that this could be caused by the higher overvoltage for the cathodic reaction of oxygen reduction on austenitic SS with respect to carbon steel [31]. This is also in agreement with the
results obtained by Gojkovic et al. [45]; Sagües et al. [46], in which SS was also suggested
to perform as a poorer cathode when compared to CS reinforcement. If SS turned out to
perform as a poorer cathode, the macrocell action could be limited. Thus, the expected drop
in potential measured in the HCP technique that is caused by the anode-cathode interaction
would be less noticeable.
The stable and self-healing passive film of SS may pose an additional challenge to the
feasibility of the HCP technique. The chromium-rich passive film of SS reinforcement offers an increased resistance to corrosion wherein there is a possibility of passive conditions
being restored after corrosion has initiated. The literature on the formation and analytical
characterization of the passive film on SS in concrete remains scant [47].
Although investigations reporting half-cell potential results indicative of corrosion activity
in SS are by far less known, some authors have used this technique to monitor corrosion
activity in SS reinforcement. A previous investigation studied the corrosion performance
at Progreso Pier, the oldest major structure reinforced with SS [48]. Field measurements
showed highly negative HCP values (as much as ∼-550 mV CSE) suggesting active corrosion
at particular regions. In addition, a recent investigation compared half-cell potential and
linear polarization resistance (LPR) results for different types of stainless-steel reinforcement.
This recent study included 2-year field-exposure experiments of ∼11 mm diameter SS rebars
embedded in mortar with very low cover (∼7mm) as well as bare bars, to a high-tide marine
environment. After the two-year exposure period, the SS specimens exhibited potential
values ranging between -100 mV and -200 mV which correlated to low corrosion current
densities estimated using the LPR technique [49]. Although these HCP values have not
been correlated directly to corrosion severity, they provide some indication of the range of
potentials that may be expected for SS reinforced concrete in field service.
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2.5.2 Electrochemical Impedance Spectroscopy
Other NTDs, such as electrochemical impedance spectroscopy (EIS), have been proposed
to assess corrosion conditions in SS. While the HCP technique is limited to identifying the risk
of corrosion at a certain location, EIS measurements may also be used to obtain information
regarding the electrochemical state of steel in RC.
Wenger [50] developed a model that allowed estimating the charge transfer resistance
from the EIS data which could be later used to obtain corrosion rate estimations. A subsequent investigation by Wenger [51] validated the model conclusion with experimental results
from large RC specimens and a small counter-electrode. The spatial distribution of the electrochemical impedance response was obtained. When local corrosion was considered, it was
found that the EIS enabled the detection and location of corrosion, as well as quantitative
data from ongoing corrosion mechanisms in the area of interest [51]. Corrosion currents
densities were estimated to range between 3 µA.cm-2 and 7 µA.cm-2 along an area of 25
cm2 . These values were correlated to the electrical conductivity of the concrete and the
inverse of the charge transfer resistance [51]. One limitation that is important to note is that
the method is based on a predetermined corroding area, however, this parameter is rarely
known. Thus, the difficulty of obtaining accurate local corrosion current estimates should
be considered. In addition, the detection of localized corrosion with the EIS technique could
be limited by small values of the concrete resistivity, as well as, increased distance between
the probe and the corroding region.
A finite difference model was successfully developed to analyze the DC polarization phenomenon of reinforcing bars with a high localized corrosion degree [52]. It was suggested
that the increased anode to cathode ratio resulted in smaller excitation currents than those
of uniform electrodes. The AC signal distribution was also considered. The authors concluded that methods used for uniform corrosion should be carefully considered in localized
corrosion scenarios. It was also concluded that the electrochemical response was limited by
the position of the reference electrode [52].
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RILEM 154 EMC technical document by Andrade and Alonso [36] specifies methods to
obtain on-site corrosion rate measurements of steel reinforcement in concrete by means of
the polarization resistance method. Although the EIS technique is not in the scope of the
specification, it is suggested that the polarization resistance can be also obtained with this
technique [36]. Similar criteria were developed to evaluate corrosion rates in which values
higher than 10 µm.yr-1 could be associated with high corrosion levels. Likewise, corrosion
was assumed to be negligible for values smaller than 1 µm.yr-1 [36]. When the corrosion is
limited to a small area, the authors suggested that the error could be minimized by either
restricting the polarized area or identifying the corroding area [36]. While the first solution
could be implemented by using a guard ring to confine the current, the second one is often
challenging since there is no accurate way to predict that parameter in real-size structures.
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3. Review of Propagation Stage Literature on Stainless Steel Reinforcement

This chapter presents a compilation of the available literature wherein the most notable
findings from different investigations on the corrosion propagation stage are highlighted. This
compilation is based on a previous research that collected evidence on the mode and rate of
corrosion of SS in concrete during the corrosion propagation stage from actual structures in
service, outdoor and field exposure tests, as well as laboratory evaluations [53].
Further testing is presented in subsequent chapters wherein relevant information is considered to estimate the duration of the corrosion propagation stage in terms of corrosion
morphology, corrosion product, corrosion rates, and limit state.
3.1

Actual Service
The most realistic cases to assess the durability of stainless steel reinforcement are actual

structures in service, as no artifacts are required. Although these are often limited in quantity
and length of service, when available, these could provide very valuable information.
The closest case of a SS structure reaching the end of the CPS is the Progreso pier wherein
corrosion-induced external concrete cracking was reported at an age of 60 years. Located in
the Yucatan peninsula of Mexico, this pier is considered to be the first major SS RC structure,
as well as a subject of study for several performance evaluations throughout the years [11,
48, 53–56]. The completion of the CPS of this structure was based on indirect evidence that
included crack orientation and location. Nevertheless, no direct evidence is yet available to
confirm this assumption. According to the assessment on the CPS of SS reinforced concrete
performed by Saire et al. [53], if the corrosion-induced cracking assumption turned out to
be warranted, the duration of the CPS could be estimated as about 30 years. This value
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was estimated considering previous inspections, as well as the nearly flat concentration of
chlorides, and the chloride threshold of 304 SS reinforcement.
Other cases of actual structural service include bridge S03 of WB I-696 over Lenox Rd.
in Michigan [57], the I-295 bridge over Arena Dr. in New Jersey [57, 58], the Mullet Creek
Bridge over highway 407 in Canada [59] and bridge A6059 in Missouri [60]. Saire et al. [53]
suggests that although the concentration of chlorides exceeded the chloride threshold, no
CPS evidence has been obtained. The latter could be attributed to their young age in
relation to the service life and the corrosion initiation resistance of SS reinforcement.
The information available on the performance of the CPS of SS reinforcement in other
structures is very scarce. Thus, there is still no sufficient evidence that could be compared
to the results of the duration of the CPS estimated for the Progreso pier.

3.2

Outdoor and Field Exposure Test
The second most realistic case to the assess durability of SS reinforcement comprises en-

vironmental exposure of specimens evaluated in proximity to actual structures or at outdoor
test locations. These specimens often present some variations in dimensions, concrete cover,
concrete permeability, and different alloys to accelerate corrosion. Nonetheless, this type
of test allows investigators to study a large number of specimens, as well as to acquire detailed results. The field-exposure tests examined in the review performed by Saire et al. [53]
consisted of three series of extensive tests performed by the Building Research Establishment (BRE) -i.e. Langstone [53], Beckton, and Beckton and Hurst- [53], the Treat Island
marine exposure test [20], two marine/weathering exposure tests at Durban bluff in South
Africa [61], the highway tunnel deicing salt exposure test in Switzerland [17] and marine
shore exposure test at Florida [4, 62].
Among the outdoor exposure tests previously mentioned, only two investigations provided direct evidence of concrete cracking resulting from outdoor exposure, and completion
of the CPS. These investigations consist of the 10-year BRE Beckton exposure, and the 5- to
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10-year Florida marine shore ponded tests. Both investigations evaluated the performance
of ferritic SS, characterized by its lower corrosion resistance in relation to austenitic and
duplex stainless steel, under aggressive exposure conditions. The concrete covers used for
these studies were either very small (∼10 mm in Beckton test) or deficient (25 mm intersecting preexisting cracks in the Florida tests). Even though highly localized corrosion may
possibly result in alternative limit states other than concrete cracking, results from these
investigations showed that corrosion-induced cracks prevailed. The duration of the CPS
was within the same order of magnitude for both investigations presenting values of about
five years, which is also comparable to CS estimates. Thus, it is likely that even with concrete cover improvements the substantial extension in the duration of the CPS of the least
corrosion-resistant types of SS would not be achieved.
Other field exposure tests on ferritic SS reinforcement provided evidence on corrosion
rates of SS rates being up to five times smaller than those of CS. (Switzerland and south
Africa outdoor tests) Although no evidence of completion of the CPS was provided during
the 4.5-year test duration, the duration of the CPS was estimated to be no less than three
years.
The BRE continued the outdoor exposure tests at Beckton/Hurst caste and Langstone
Harbor over a 22-year period [53]. The performance of more corrosion-resistant types of SS
reinforcement was evaluated. The results indicate a significant delay in the CIS, which could
be associated with higher CT values. Hence, a limited number of specimens had presumably
initiated the CPS at significantly small corrosion rates. The extension of the CIS in the
more corrosion-resistant SS alloys was also suggested by the Treat Island site and the Swiss
highway tunnel location results.

3.3

Laboratory Evaluations
Finally, laboratory investigations are currently the principal source of results regarding

corrosion mechanisms and rates in SS reinforcement. The main disadvantage of this source
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is that specimens are often subjected to highly aggressive corrosion acceleration artifacts
that do not represent the conditions of real-life structures. Several investigations aimed
to quantify corrosion rates from either experimental data obtained from Hurley and Scully
[16, 42, 63] or empirical approaches [64, 65]. Both approaches presented CPS forecasts that
may be compared to actual and field exposures showing that the least corrosion-resistant
alloys yield moderate benefits while the most corrosion-resistant alloys -i.e., austenitic and
duplex stainless steel grades- may yield remarkable benefits. A review on corrosion resistant
alloys suggested similar findings [66].
Only two documented investigations in which the end of the CPS stage was reached
were identified. These investigations were related to the Florida study [4, 62] previously
mentioned in the field-exposure tests. Both experiments evaluated high PREN duplex SS
grades. One of the experiments involved major corrosion acceleration techniques wherein
an electric field was imposed without implementing mitigation strategies for stray currents.
Although this experiment showed cracking of the concrete in a short time-frame (∼6 months),
it is likely that the deceivingly high rates of corrosion had an influence on this outcome. This
experiment provided valuable information regarding critical corrosion penetration values that
could cause cracking of the concrete, which were found to exceed those of CS. The other
experiment involved minor corrosion acceleration techniques on type 2101 SS reinforced
concrete, such as reduced concrete covers and high-permeability mortar. In addition, the
reinforcing bars tested presented critical surface conditions including a high-temperature
scale and descaling using abrasive sandblasting. Results from this specimen showed concrete
cracking in approximately a 2-year span. It is suspected that similar results would have been
obtained for CS reinforcement which shows the effect of deficient surface condition on the
CPS in duplex SS reinforcement.

25

4. Experimental Methods

In this chapter, four interconnected laboratory experiments are described. The experiments consisted of reinforced concrete beams, reinforced mortar cylinders, a legacy specimen
and locally-deficient reinforced concrete specimens. These experiments were used to obtain
relevant information on the CPS of stainless steel reinforcement. The objective was to obtain an indication of the main parameters governing corrosion propagation such as typical
corrosion rates of SS in concrete, its corrosion morphology, and the appropriate limit states
that may be used to bound the end of the propagation stage of sound and locally deficient
reinforced concrete.
4.1

Reinforced Concrete Beams with Chloride-contaminated Section
This section describes specimens made for a preliminary investigation conducted by Saire

[2]. This investigation assessed the morphology and detection of corrosion on stainless steel
reinforcement in concrete. The reinforced concrete specimens were further evaluated under
the present work to study CPS-related factors such as rate and morphology of corrosion,
as well as to assess the sensitivity of traditional methods to detect corrosion. Furthermore,
macrocell activity promoted by creating a central chloride-contaminated concrete section
surrounded by chloride-free concrete was compared between SS and CS reinforcement.
Half-cell potential and electrochemical impedance measurements were performed regularly to monitor the corrosion performance of the steel reinforcement bars at designated
points along the beams.

26

4.1.1 Materials
The specimens were reinforced using No. 4 UNS S41000 SS and AISI 1018 CS smooth
round bars. The type of SS, surface condition, microstructure and pitting resistance equivalent number (PREN), if applicable, are detailed in Table 4.1. The SS and CS bars were ∼180
cm long and 183 cm long, respectively. Chemical compositions for the steel reinforcements
are described in Table 4.2 and Table 4.3.
Table 4.1: Types of steel used in the investigation [2].
Designation
UNS S41000
AISI 1018

Surface condition
Microstructure
Annealed / Cold draw
Martensitic
Cold Rolled
Ferritic

PREN
12.13
-

Table 4.2: Chemical composition of UNS S41000 reinforcement. Values of reinforced beams
in terms of weight percent [2].
Designation
UNS S41000

Al
C
Co
0.003 0.126 0.01
N
Ni
P
0.031 0.11 0.019

Cr
11.66
S
0.0013

Cu
0.07
Si
0.38

Mn
0.44
Sn
0.5

Mo
0.011

Table 4.3: Chemical composition of AISI 1018 reinforcement. Values of reinforced beams in
terms of weight percent [2].
Designation
C
Mn
P
S
AISI 1018 0.17 0.65 0.014 0.020
Cr
Mo
Sn
Al
0.11 0.03 0.008 0.004

Si
Cu
0.2
0.30
N
0.0094

Ni
0.008

Two mix designs (with and without admixed chlorides) were employed to cast chloridecontaminated and chloride-free concrete regions in the specimens. A 5.84% of chloride ions
by weight of cement was included in the chloride-contaminated concrete to accelerate the
onset of corrosion and allow the study of the CPS of SS in concrete. According to Saire [2],
observations in the literature indicated that this chloride concentration presented a high
probability of inducing corrosion in SS reinforcement since it exceeded by over one order of
magnitude the chloride threshold of CS reinforcement [2].
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(a) Front view

(b) Side view AISI 1018

(c) Side view UNS S41000

Figure 4.1: SS and CS reinforced concrete cross-sections.
The summary of technical requirements and mix design proportions are shown in Table
4.4 and Table 4.5, respectively. The cement content requirement, shown in Table 4.4, is
expressed in terms of pounds per cubic yard (pcy). Further details about the mix design
may be found in the preliminary investigation performed by Saire [2].
Table 4.4: Concrete class IV – FDOT [3].
Criteria
Cement content
Water to cement ratio

Minimum requirement
658 pcy
0.41

Table 4.5: Chloride-free concrete - mix proportions [2].
Material

Weight/vol
pcy
Cement
658
Water
270
Fine aggregate (SSD)
1428
3/8 Coarse Aggregate (SSD)
1486
Total
3841

Weight/vol
kg/m3
390
160
847
881
2279

Batch
kg
7.88
3.23
17.09
17.79
45.99

4.1.2 Specimen Preparation and Exposure Conditions
Six reinforced concrete specimens were prepared as part of a preliminary investigation
by Saire [2]. The dimensions of the beams were 2 inches (∼5 cm) wide, 2.5 inches (∼6.4
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Figure 4.2: Longitudinal profile for representative beam specimens . “0 cm” represents the
central point of the specimens (longitudinal midpoint position). Spatial distribution of two
types of concrete is shown as well.
cm) high and 70 inches (∼180 cm) long as shown in Figure 4.1 and Figure 4.2. SS and
CS reinforcement bars were projected out approximately 1.2 inches (3.1 cm) and 0.75 inches
(∼1.9 cm), respectively, from the concrete block at one of the ends of the beams as illustrated
in Figure 4.1.
Specimens were cast in an inverted position and flipped afterward. In addition, two
separate concrete batches ( chloride-free and chloride-contaminated) were cast. The first
batch cast was the chloride-free concrete. Polystyrene foam and 3-D spacers were used
and removed on the third day. Subsequently, the chloride-contaminated concrete batch
(i.e., second batch) was cast in-between the chloride-free concrete sections. Wood molds
were removed approximately 14 days after casting the chloride-contaminated concrete. To
prevent moisture evaporation, a plastic film was used to cover the specimens after removing
the wood molds. In addition, a 1/2 in stainless steel hose clamp was affixed to one end
of the reinforcing bars to guarantee electrical connection for the half-cell potential and EIS
measurements, shown in Figure 4.1. Further details about the specimen preparation and
curing conditions may be found in the preliminary investigation performed by Saire [2].
During the first exposure stage, dry-moist cycles were used. The specimens were kept
at laboratory temperature and moisture conditions were supervised until a 67-day age was
29

reached [2]. Subsequently, specimens were kept moist by spraying them periodically with
deionized water during the moist part of the cycle and let air-dry during the dry part of the
cycle.
Against expectations, the admixed chloride content was found not to be sufficient to
induce, by itself, corrosion of the SS bars within the time frame of the test. Thus, a second
exposure stage was initiated, in which a combination of mild corrosion acceleration means
were employed to speed up the onset of corrosion. Accordingly, cyclic ponding and heat
cycles were implemented to the SS specimens. When the specimens reached an age of ∼245
days, acrylic reservoirs were placed on the top surface of SS specimens to perform cyclic
ponding with a saturated sodium chloride solution. Subsequently, low-high heat cycles were
initiated at Day ∼300, with temperature cycling between periods of ∼22 °C and ∼38 °C, to
further promote corrosion initiation.

4.1.3 Data Acquisition
Half-cell potential, and electrochemical impedance were used to monitor the corrosion
performance of the steel reinforcements. Furthermore, visual inspections were performed
periodically to detect potential signs indicating that the specimens reached their limit state.
Measurements were initiated at an age of 60 days (denominated as “cycle 0”). At an
early stage, measurements were obtained with a higher frequency since faster relative changes
were expected. After the first cycle of measurements, the length of each cycle was set to
approximately four weeks until the eighth cycle (∼35 weeks after specimens were cast) when
ponds were installed in the SS specimens. Each one of the first seven cycles had a duration
of about 4 weeks, in which measurements were taken two weeks after the exposure condition
was changed. After that, measurements were acquired for a two-week period and a new cycle
would initiate.
Beginning on cycle 8, cyclic ponding in SS specimens was initiated. A ponding solution of
saturated sodium chloride was used as a mild technique to accelerate chloride transport. The
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increase of temperature was initiated around cycle 12. After this cycle, the SS has been continuously heated for a 2-3-week period. The specimens were kept at room temperature (∼22
°C) before and while taking measurements and were later placed at the high-temperature
chamber.
Prior to performing measurements, all specimens were labeled and 19 measurement points
were designated (including the positions of the very ends of the beams), shown in Figure
4.2. The points were evenly spaced at 10 cm from the center with the exception of the last
marks which were at a distance of ∼9 cm from both ends.

4.1.3.1

Half-cell Potential

Half-cell potential was measured along 19 measurement points of each reinforced concrete
beam. Potentials were measured with a multimeter (Fluke 289) with an input resistance of
10 MΩ and a reference saturated calomel electrode (SCE) fitted with a sponge at the tip,
per ASTM C876 requirements. When ponding solution was present, the tip of the SCE was
immersed until it was in direct contact with the concrete surface.

4.1.3.2

Electrochemical Impedance Spectroscopy (EIS)

EIS measurements are used to obtain the corrosion rates of a system through the estimation of the value of the polarization resistance [67]. This technique consists in the application
of a sinusoidal disturbance of the electrical potential produced by a given alternating current to a circuit. Meanwhile, the potential response of the system (amplitude and phase
angle) is measured and the impedance is computed at each frequency of the established
range (typically 1 mHz to 1 kHz) [68]. The impedance “Z” is established by the ratio of the
frequency-dependent potential and the frequency-dependent current. A schematic diagram
for the EIS measurements performed in this investigation is shown Figure 4.3.
EIS measurements were obtained using a Gamry Reference 600+ potentiostat/galvanostat
with a potential perturbation of 10 mV. A three-electrode array, shown in Figure 4.3, in which
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Figure 4.3: Schematic illustration of EIS measurement experimental setup.
the steel reinforcement served as the working electrode, a ∼10 cm long hollow rectangular
titanium mesh on top of a moist sponge was used as the counter-electrode, and a SCE
electrode with a small moist sponge on its tip placed in the middle served as the reference
electrode. An initial range of frequencies between 10 mHz to 100 kHz with 10 points per
decade was selected. The lower bound was later adjusted to 1 mHz at the end locations
of the SS specimens to determine behavior in the low frequency portion of the impedance
response. EIS measurements were conducted regularly to estimate the values of corrosion
rates as a function of position.
An estimate of the polarization resistance (Rp ) was acquired from the EIS response using
a measurement model software [69] in which a series of Voigt elements are fitted to the
data and an extrapolation is made to the high and low frequency limits of the impedance.
Subsequently, the Stern-Geary equation was employed to estimate the values of corrosion
current density as a function of position. The corrosion current was calculated assuming a
value of the Stern-Geary constant (B) for iron (Fe) equal to 26 mV and was later used to
obtain corrosion rate estimates.
The polarized area of the steel reinforcement at each measurement point was conducted
using a finite element model simulation simulating the dimensions and experimental parameters of the representative beam specimens, shown in Figure 4.4b.
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(a)

(b)

Figure 4.4: 3D model of specimens including chloride-contaminated and chloride-free
regions. Simulation of EIS test.

4.1.3.3

Area Polarized

The nominal polarizing net area (Apol ) was estimated using a finite element simulation.
This method may provide a more realistic approach to the actual polarized area given that
the conservative assumptions based on CS reinforcement could be avoided. However, it
should be cautiously used since the variations in corrosion rates are not accounted for.
A three-section model that reflected the geometry of the reinforced concrete beam specimens (see Figure 4.2) was assembled. The steel rebar located along the longitudinal axis of
the section was 0.5 in (1.27 cm) in diameter. The counter-electrode and reference electrode
were modeled as a rectangular region placed on the top surface and a circular region cutout
at the center of the counter-electrode, respectively. The steel reinforcement is expressed as
a cylinder placed along the longitudinal axis of the beam. Additionally, the mesh used in
the model was comprised of free tetrahedral elements that diminish in size at the electrode
boundaries. This was done to account for the large variation in potential in this region (i.e.,
near the intersections between active and passive regions of the steel reinforcement).
The potential distribution throughout the electrolyte was governed by Laplace’s equation
(see Equation 7). Then, assuming that the conductivity was uniform. The potential was
separated into steady-state and oscillating elements, i.e.,
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n
o
φ = φ̄ + Re φ̃ exp(jωt) ,

(8)

where φ̄ represents the steady-state part and φ̃ represents a complex phasor, which is dependent on the frequency and position but independent of time. A similar relationship expressed
as

n
o
φm = φ¯m + Re φ˜m exp(jωt)

(9)

may be applied to the potential applied to the electrode. φ¯m represents the steady state (dc)
part of the potential applied and φ˜m is the perturbation amplitude of the oscillating portion.
4.2

Reinforced Cylinders
The presence of macrocell currents introduces uncertainty in the estimation of corrosion

rate from EIS data measured on the concrete beams. Consequently, small reinforced mortar
cylinders with embedded electrodes were prepared to obtain a corrosion condition that does
not include substantial macrocell action, simplifying the interpretation of EIS results for
those cases and providing insight on how to evaluate the information from the beam tests.
Additionally, potential measurements were used to obtain the current density-potential relationship which reveals whether the corrosion rate is limited by the rate of the cathodic
reaction.

4.2.1 Materials
Three different types of steel reinforcement bars were used in part of the investigation,
detailed in 4.6. All reinforcement bars used were supplied by McMaster-Carr. The types
of steel employed in this investigation were UNS S31603, UNS S41000 and AISI 1018 reinforcement bars. Originally, the specimens were received as one foot long smooth No. 4 bars
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with a diameter of 0.5 in (12.7 mm). Detailed information about the chemical composition
of each rebar is contained in Table 4.7, Table 4.8, and Table 4.9.
Table 4.6: Types of steel used for cylinders.
Designation
UNS S31603
UNS S41000
AISI 1018

Surface condition
Microstructure
Annealed / Cold draw
Austenitic
Annealed / Cold draw
Martensitic
Cold Rolled
Ferritic

PREN
24.25
12.38
-

Table 4.7: Chemical composition of UNS S31603 reinforcement. Values of reinforced
cylinders in terms of weight percent.
Designation
UNS S31603

C
0.018
S
0.027

P
0.028
Cr
16.750

Si
0.580
Co
0.304

Ni
10.090
Mo
2.04

Cu
0.480

N
0.048

Mn
1.480

Table 4.8: Chemical composition of UNS S410000 reinforcement. Values of reinforced
cylinders in terms of weight percent.
Designation
UNS S41000

Al
C
Co
Cr
Cu
Mn
0.002 0.131 0.020 11.760 0.120 0.410
N
Ni
P
S
Si
Sn
0.036 0.170 0.024 0.0019 0.310 0.004

Mo
0.013

The mix design used was comparable to the chloride-contaminated concrete further detailed in the beams (see Section 3.1). Given the small dimensions of the specimens, mortar
was used instead of concrete. The mortar was prepared using Portland cement without mineral admixture with 0.41 water/cement ratio per ASTM C109 specifications. The mortar
mixture was designed to simulate the beams. The nominal volume of the mortar used was
4.08 liters. The fine aggregate was silica sand with a specific gravity of 2.47.
In addition, 5.84% of admixed chlorides per weight of cement in this mix design was used
to try to ensure that corrosion would naturally occur in the samples during a reasonable
time of exposure. Certified ACS ≥99% reagent grade Sodium Chloride (NaCl) was used to
reach the anticipated chloride content.
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Table 4.9: Chemical composition of AISI 1018 reinforcement. Values of reinforced cylinders
in terms of weight percent.
Designation
C
AISI 1018 0.19
Ni
0.07

Mn
P
S
0.8 0.004 0.019
Mo
Sn
V
0.018 0.014 0.005

Si
0.21
Cb
0.005

Cu
0.12
Al
0.002

Ni
0.08
Pb
0.003

4.2.2 Specimen Preparation and Exposure Conditions
Nine reinforced mortar cylindrical specimens were prepared at the corrosion laboratory
at the University of South Florida following the procedure specified by ASTM C192. UNS
S41000 SS, UNS S31603 and AISI 1018 CS specimens were investigated. Cylindrical plastic
molds were prepared so the steel reinforcement would be carefully placed in the center. The
schematic illustration of the cylinders is shown in Figure 4.5. In addition, activated titanium
wire was placed as close to the steel as possible to act as a reference electrode. Similarly,
activated titanium mesh, surrounding the steel reinforcement and titanium wire, was placed
to act as the counter-electrode as shown in Figure 4.5b. Mortar was then poured into each
4 in by 2 in plastic mold until a 2-in mark was reached, shown in Figure 4.5a. For each type
of steel, three replicates were prepared.

(a)

(b)

Figure 4.5: Schematic illustration of reinforced cylinders.
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All samples were cured in their sealed molds for a 28-day period. After the curing
period was completed, a one-inch opening was cut into the plastic mold to allow oxygen
ingress into the mortar such that cathodic limitations to the corrosion rate would not be
induced. The remainder of the plastic mold was kept in place to ensure the reference and
counter electrode wires were securely fixed. The specimens were then stored in the humidity
chamber previously mentioned until they reached an age of about 40 days. Following the
curing period, the SS reinforced cylinders were heated intermittently inside an enclosed
glass tank with controlled humidity (∼85% RH) and a heat lamp set to 38°C (∼100°F)
to promote corrosion initiation. Hence, stainless steel specimens were heated for a period
of about 50 days where the heat lamps would be turned off to take measurements and to
ensure controlled humidity (∼85% RH). After this period, the specimens remained at room
temperature (∼22°C) for about 60 days. The specimens were then heated three times a
week for six-to-eight-hour periods to minimize further repassivation of the stainless steel
reinforcement.

4.2.3 Data Acquisition
Non-destructive corrosion detection and monitoring technique including EIS and halfcell potential were used in this experiment. HCP and EIS measurements were acquired in
different cycles of measurements, starting about one month after casting. HCP and EIS
data were collected on a monthly basis. Fourteen cycles of measurements were collected
throughout the duration of the investigation.
These procedures were conducted in a similar manner as for the reinforced concrete beam
specimens (see Section 3.1) while differing in reference and counter-electrode arrangement.
The potential of the activated titanium wire reference electrode was periodically calibrated
with respect to an SCE.
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Figure 4.6: Half-cell potential titanium vs. SCE reference electrode measurement on
specimen SS410-III. Multimeter, titanium electrode, reference electrode (SCE), and
electrical junction device (yellow sponge).

4.2.3.1

Half-cell Potential

Half-cell potential measurements were performed with a SCE on the reinforced concrete
specimens, as shown in Figure 4.6. Potentials were measured as described in Section 3.1
for the beam tests. The measurements acquired from the cylindrical SS specimens coupled
with estimated corrosion rates from EIS measurements were used to provide a relationship
between expected corrosion activity and potential without substantial influence of macrocell
activity.
Furthermore, plain steel half-cell potential measurements were also recorded. A potential
conversion between the titanium reference and SCE reference electrode was implemented to
correlate the OCP values from the EIS measurements to HCP vs. SCE values. The potential
conversion procedure is shown in Figure 4.6. HCP results were analyzed using the ASTM
C876 criteria (see Section 3.1), shown in Table 2.3. HCP values were analyzed over time in
the different types of SS and CS reinforcement.
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Figure 4.7: Schematic illustration of EIS measurement experimental setup of cylindrical
specimen.

4.2.3.2

Electrochemical Impedance Spectroscopy

EIS measurements were conducted regularly in each of the specimens in a similar manner
as the procedure described in Section 3.1 differing in that a titanium mesh and a titanium
wire embedded in the concrete served as the counter electrode and reference electrode, respectively. The steel reinforcement acted as the working electrode. The experimental setup
is shown in Figure 4.7.
The frequency range used in part of this investigation was 10 mHz to 100 kHz with a
measurement rate of 10 frequencies per decade. Furthermore, a potential perturbation of 10
mV rms was applied.
EIS results were used to obtain estimates of the polarization resistance and ultimately,
corrosion rates using a similar procedure as the one described for the beams in Section 3.1.
Contrary to the beam specimens, these were designed to promote a uniform polarization of
the steel over a known surface area. Hence, the computation of the corrosion rates did not
require the implementation of a finite element model but rather a value for Apol ∼20 cm2 per
the bar and specimen dimensions.
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(a) Side view

(b) Top view

Figure 4.8: Schematic illustration of stainless steel-reinforced concrete specimen obtained
from FAU. Abstracted from Presuel-Moreno et al. [4].

4.3

Legacy Specimen
A replicate specimen based on the experiments presented in a previous FDOT report [4]

was obtained from the Florida Atlantic University-FAU, one of the few investigations wherein
the SS reinforced concrete specimens appeared to have reached the end of their service life.
This legacy specimen was analyzed to glean additional evidence of the factors governing the
duration of the CPS in SS compared to those of CS reinforced concrete. The specimen was a
portion of a simulated deck slab (SDS) 30 cm wide, 30 cm long and 15 cm high. A schematic
diagram of the specimen is shown in Figure 4.8. The concrete section was reinforced with six
No. 5 (diameter≈16.5 mm) duplex stainless steel UNS S32101 reinforcement bars, placed as
2 layers of three bars. For the top bars, the concrete cover was 25 mm. The reinforcing bars
were in the as-received condition (pickled).
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4.3.1 Data Acquisition
This legacy specimen was previously exposed to a two-stage procedure at FAU to accelerate the onset of corrosion wherein techniques such as dry-wet cycles and an electric field
were used to accelerate chloride ingress during the first and second stage, respectively.
The first stage started right after the passive layer had likely formed (60 days of age).
In this stage, the specimen was subjected to dry-wet cycles (four days wet and three days
dry) at relatively elevated temperatures (∼37.8ºC). The ponding solution consisted of 20%
sodium chloride (percentage by weight). This procedure was repeated for about 120 days.
The second stage was then initiated. In this stage, the specimen was placed in a high
humidity chamber at room temperature (∼22ºC) and sprayed frequently to ensure adequate
moisture conditions. Subsequently, an electric field was applied between two titanium meshes
that were embedded in the concrete and within the solution reservoir. The positive and
negative poles were connected to the mesh embedded into the concrete and the mesh on
the solution reservoir, respectively. Furthermore, The same ponding solution from the first
stage was used to fill the reservoir. A potential of 15 V was then applied between the
titanium meshes during the first two measurement periods and was later increased to 20 V
to further accelerate the transport of chlorides throughout the rest of the experiment. Each
measurement period had a duration ranging between three and four weeks.
A visual examination was performed of the specimen in the condition it was received to
assess the location and width of any surface cracks. The following methods were used to
assess the corrosion state of the rebar and determine the parameters that may be used in
service life prediction.
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4.3.1.1

Potential Mapping

Half-cell potential measurements were recorded for each point labeled (N1-N6) in Figure
4.9a. Data collected at each of these locations could be useful in determining the corrosion
behavior of the reinforcing bars.
4.3.1.2

Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) was conducted using a potentiostat device suitable for applications in corrosion (Gamry Reference 600+), an electrical junction
device (sponge), a set of wires, a SCE reference electrode, and a titanium mesh. The titanium mesh on top of a moist sponge was used as the counter-electrode. Also, each stainless
steel reinforcement bar was used as the working electrode for each point and a SCE as the
reference electrode. Impedance measurements of the top reinforcing bars were obtained using a 10-mV perturbation amplitude over a frequency range of 10 mHz – 100 kHz with 10
measurement points per decade. The experimental setup for one of the six EIS measurements is illustrated in Figure 4.9a. The red “x” mark represents the location of the reference
electrode.

(a) EIS experimental set-up

(b) saw cuts performed in step 2 (red) and step
3 (blue)

Figure 4.9: Schematic illustration of legacy specimen.
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Figure 4.10: Resultant legacy specimen sections.

4.3.2 Specimen Termination and Autopsy
After the visual examination and electrochemical impedance analysis were performed,
the specimen was opened and evaluated in accordance to the following procedure:
1. The acrylic reservoir was removed.
2. A wet saw was used to cut the specimen into 6 sections, each containing one reinforcing
bar, according to the cut lines shown in Figure 4.9b. In the perpendicular direction of
the top surface, two saw cuts were made. These cuts were performed in between and
parallel to the rebar of each layer. Additional saw cuts were made to each one of the
sections to isolate the reinforcing bars for individual analysis.
3. For each of the six resultant specimen sections which can be observed in Figure 4.9b,
a hydraulic press was used to break the sample longitudinally along the axis of the
reinforcement bar. The resultant sections consisted of a bottom piece containing the
rebar and a top section containing the rebar trace as shown in Figure 4.10.
4. Immediately after exposing the steel surface and trace, the specimen was examined and
photographed. In cases where corrosion was visible on any of the steel reinforcement,
these additional steps were followed:
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(a) The condition of the surface of the rebar, including corrosion products (if already
corroding), was recorded in pictures.
(b) The rebar was carefully removed by using a hydraulic press. As a result, both the
steel and the concrete would be in good conditions for any further tests.
(c) After extracting the rebar from the specimen, any corrosion products present
were cleaned following ASTM G01 C.3.5 procedures. Before the application of
any chemicals, a light brush was used to remove any remaining concrete from the
specimen and to ease the removal of corrosion products. A chemical process was
then used in which the remaining corrosion products were removed. This process
involved immersion of the stainless steel sample in a mild acid solution comprised
of 250 mL of hydrochloric acid, 1.75 gr of hexamethylene tetramine and 500 mL
of type IV reagent water for a period of ten minutes. The weight of the specimen
was recorded before and after each immersion. Additionally, photographs were
taken for the duration of the process to record the evolution of the rebar. The
process was repeated until the mass loss of the specimen was negligible. Finally,
the sample was rinsed, dried and cleaned carefully with acetone to remove any
undesired material (i.e., Epoxy).
(d) A cross-sectional cut of the concrete was performed where the most corrosion
products were observed. To preserve the presence of the corrosion products, a
cut using a rotary tool was performed up until the middle of the depth of the
sample. Three-point bending was then used to break the sample. A schematic
illustration of the procedure described is shown in Figure 4.11a. This process
results in a cross-section as shown in Figure 4.11b. It can be noted that the
bottom half of the cross section was relatively flat when compared to the upper
half. Additionally, highly magnified photos of the cross-section were used to
determine the penetration depth of the corrosion products.
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(a) Cross-sectional cut

(b) Three point bend

Figure 4.11: Schematic illustration of procedure to obtain cross section.

4.3.2.1

Reduction in the Steel Reinforcement Radius

The reduction in the steel reinforcement radius was obtained using a preliminary optical
procedure using a three-dimensional wide area system. The results obtained were later compared with existing models developed for CS reinforcement. The detailed analysis procedure
to obtain this parameter using the methodologies mentioned is further described in Section
3.1.

4.3.2.2

pH

The pH of each concrete section was assessed using phenolphthalein. The face of the
concrete facing the rebar was uniformly sprayed with phenolphthalein immediately after
breaking open the concrete specimen. Subsequently, the face sprayed would change colors
indicating the level of alkalinity of the concrete. If the sample turned a bright purple/pink
color, it would be indicative of an alkaline pH (greater than approximately nine). Otherwise,
substantial carbonation would be indicated.
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4.3.2.3

Chloride Analysis

For each one of the anodes, concrete was milled at the depth of the rebar to determine
the chloride content at this location by following a moderately modified FDOT method [70].
This was performed on the rebar trace closest to the pond.

4.3.3 Critical Corrosion Penetration (XCRIT )
An autopsy was performed to obtain information regarding the critical reduction in the
reinforcement bar radius (XCRIT ). The condition of the steel reinforcement after cleaning was
evaluated using a wide area 3D-system (VR 5000) manufactured by Keyence Corporation.
Plane, profilometric, area and volumetric measurements were performed to obtain parameters
including the length of the anode, maximum penetration and XCRIT . A section that did
not show any signs of corrosion was treated as a reference surface. Subsequently, volume
measurements were then taken of both the corroded and the reference sections. Reduction
in the steel reinforcement radius was calculated for two cases, described as follows:
1. The steel reinforcement bar was assumed to be uniformly corroding across the length
of the anode, in which corrosion only occurred in the portion facing the top surface
of the concrete cover. Hence, only half of the circumference will be considered in the
surface area estimations. The surface area (Asurface ) was calculated as

Asurface =

πdLa
2

(10)

where d represents the rebar diameter and La represents the anode length.
2. No corrosion morphology was assumed. The surface area of the steel reinforcement
subjected to corrosion (Asurface ) was estimated by using the wide area 3D-system. The
XCRIT could be calculated as the quotient between the volume loss of steel reinforcement
(Volloss ) and the surface area (Asurface ) of each one of the cases previously described,
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expressed as
XCRIT =

volloss
.
Asurface

(11)

Additionally, and for comparison to the measured values obtained with the 3D surface
analysis procedure, the reduction in the steel reinforcement radius was calculated using
existing predictive models developed from empirical data of carbon steel and epoxy-coated
carbon steel, respectively. Torres-Acosta and Sagüés [33] developed a model which consisted
of an empirical relationship between XCRIT , the length of the corroding segment (La ), the
concrete cover depth (C), diameter of the reinforcement bar (d) and an empirical exponential
constant (n) selected as two. The equation describing this relationship can be expressed as
n
 
C
C
+1 .
XCRIT /mm = 0.011
d
La

(12)

While this investigation was limited in that it did not include cases of sufficiently localized corrosion, it served as a starting formulation for a subsequent investigation performed
by Busba [71]. A modified version of this relationship was proposed in which the exponent variable “n” would be calculated through regression techniques. The value of ”n” was
designated as 1.48 for localized corrosion scenarios.
The relationship proposed by Busba [71] provided an improved model, however, it assumed that the steel was corroding uniformly over a defined length or segment. This may
not be applicable to cases of highly localized corrosion where distinctive pits are found in
the steel reinforcement surface, such as in the case of stainless steel.
In 2011, an investigation by Darwin et al. [72] suggested another relationship to estimate
XCRIT . It included the concrete cover depth (C), diameter of the reinforcement bar (d), as
well as additional variables such as fractional length of the bar corroding (Lf ), expressed as

Lf =

L
,
Lbar

(13)
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and the fractional area of bar corroding (Af ) that can be calculated as

Af =

A
.
Abar

(14)

Ultimately, the equation describing this relationship can be expressed as
"
XCRIT /µm = 45


C 2−Af
25.4
d0.38 Af 0.6 Lf 0.1

#
+ 0.2 3Af −1 .

(15)

An investigation performed by Presuel et al. [4] analyzed six replicate specimens like the
one shown in Figure 4.8, at FAU. This study compared XCRIT values obtained by approximating the mass loss and parameters of bars that were thought to cause cracking of the
concrete. This could be expressed as

XCRIT = ∆W

103
,
πφLρFe

(16)

where ∆W is the mass loss, φ is the diameter of the rebar, L is the anode length and ρFe is
the density of iron.
In the present investigation, the models proposed by Torres-Acosta [33], Busba [71] and
Darwin et al. [72] expressed by Equation 12 and 15, respectively, were used to calculate
XCRIT and compare to the measured values. Parameters such as the length of the anode,
concrete cover, fractional length and area, and bar diameter were obtained experimentally
from the autopsy performed on the legacy specimen.

4.4

Locally-deficient Concrete Specimens
Prismatic concrete specimens reinforced with UNS S31653, UNS S32304 and ASTM A615

were prepared to determine the effect of the concrete condition on the service limit state and
morphology of corrosion in SS compared to CS reinforcement.

48

(a) Top view

(b) Side view

Figure 4.12: Final setup of locally-deficient specimens before casting. Wood mold was
coated with a mold release agent, titanium reference electrodes and steel rebars were in
place.

4.4.1 Materials
Three types of steel reinforcement were used in this section, as shown Table 4.10. Contractors Materials Co. based in Cincinnati, OH supplied all types of steel. Chemical compositions for the steel reinforcement bars are described in Table 4.11 and Table 4.12. All types
of steel reinforcement were corrugated No. 5 reinforcement bars with a nominal diameter
of ∼15.9 mm (0.625 in). According to the mill test reports provided by the manufacturer,
the stainless steel bars were grade 75 while the plain steel bars were ASTM A615 grade 60.
Additionally, the surface condition was pickled in the case of stainless steel reinforcement
bars and as-received for plain steel bars. The surface of the reinforcement bars was cleaned
with acetone before being placed in the concrete to remove any residual mill-scale and create
a uniform surface.
Concrete with water to cementitious material ratio (w/cm) of 0.45 was prepared in accordance with the technical requirement provided by the ASTM A955-A3 guidelines, summarized in Table 4.13. The cement and water content requirements are expressed in terms
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Table 4.10: Types of steel used in locally-deficient specimens.
Designation
UNS S31653
UNS S32304
ASTM A615

Surface condition
Microstructure
Pickled and passivated / Hot rolled
Austenitic
Pickled and passivated / Hot rolled
Ferritic
As-received
-

Table 4.11: Chemical composition of SS reinforcing bars. Values of SS locally-deficient
concrete specimens in terms of weight percent.
Designation
UNS S31653
UNS S32304
Designation
UNS S31653
UNS S32304

C
0.018
0.016
Ni
10.010
4.530

Co
Cr
Cu
Mn
Mo
N
17.750
1.030 2.065 0.129
0.220 22.540 0.290 1.630 0.260 0.149
P
S
Si
0.029 0.001 0.250
0.030 0.001
-

of pounds per cubic yard (pcy). The coarse aggregate met ASTM C33 specifications with
2.60-bulk specific gravity under a saturated surface dry (SSD) condition and 3.14% absorption capacity following the ASTM C127. The fine aggregate with 2.47-bulk specific gravity
under a saturated surface dry (SSD) condition was graded and washed. Test results for both
types of aggregate are detailed in Table 4.14.
Mixture proportions of the concrete are summarized in Table 4.15. The total nominal
volume of concrete was approximately 85 liters (3 ft3 ), equally divided into three batches.
Type I Portland cement was used. In addition, two concrete admixtures were used consisting of a high range water reducer and a workability-enhancing admixture, ADVA and
WRDA, respectively. These admixtures were used following the guidelines provided by the
manufacturer to ensure the suggested air content in the concrete.

4.4.2 Specimen Preparation
Nine prismatic reinforced concrete specimens were prepared at the corrosion laboratory
at the University of South Florida following the ASTM A955-A3 specification for concrete
preparation. The steel reinforcement was set in two layers for each specimen. The top layer
consists of a single No. 5 bar while the bottom layer consists of two No. 5 reinforcement
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Table 4.12: Chemical composition of ASTM A615 reinforcing bars. Values of
locally-deficient concrete specimens in terms of weight percent.
Designation
ASTM A615

C
Mn
P
0.270 1.270 0.020
Cr
Mo
Al
0.150 0.035
-

S
Si
0.022 0.240
V
B
0.041
-

Cu
0.370
Cb
-

Ni
0.010
Sn
-

Table 4.13: Concrete per ASTM A955-A3 guidelines.
Criteria
Cement content
Water content
Water to cement ratio
Fine aggregate volumetric fraction
Coarse aggregate volumetric fraction
Air content

Requirement
598 pcy
270 pcy
0.45
32.5%
34%
6+%

bars. The dimensions of the beams were 6 inches (∼15 cm) wide, 7 inches (∼17.75 cm) high
and 12 inches (∼30 cm) long, as shown in Figure 4.13. The reinforcement bars projected out
approximately 2 in (∼5 cm) from the concrete block at each of the ends of the specimen. The
concrete rebar cover was ∼2.5 cm (1 in) for both the top and bottom layers of reinforcement
bars.

(a)

(b)

Figure 4.13: Steel placement in wood form prior to casting. (a) Front view of mold, in
which stainless steel reinforcement was tapped and drilled, and (b) top view of mold, in
which Stainless-steel shim was placed parallel to the rebar.
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Table 4.14: Test results for specific gravity and absorption for water calculations (ASTM
C127).
Specific gravity
Fine aggregate
Coarse aggregate

2.47
2.60

Absorption
%
3.14

Max. size
in
3/8

Table 4.15: Concrete mixture proportions.
Material

Weight/vol
pcy
Cement
598
Water
270
Fine aggregate
1355
Coarse aggregate (SSD)
1492
Total
3715

Weight/vol
kg/m3
355
160
804
885
2204

Batch
kg
30.35
13.68
68.74
75.67
188.43

Prior to casting the specimens, the steel reinforcement bars were drilled and tapped at
one end of each one. A stainless steel screw would be later attached to assure an electrical
connection during the testing period, shown in Figure 4.13a. Subsequently, they were cleaned
using acetone to remove any contamination such oil, and heat shrink wrap was placed at
both ends of the reinforcement bar one inch into the concrete. A 12 mil (0.30 mm) thick,
6 inch (∼15 cm) long stainless steel shim was fixed on the bottom part of the form of the
specimens, located in the middle of the specimen and perpendicular to the reinforcement
bars, as shown in Figure 4.13b. This shim was removed after casting during early curing
leaving behind an artificial crack perpendicular to the direction of the steel reinforcement.
This would allow direct infiltration of chlorides to the steel reinforcement.
Two reference electrodes were carefully placed as close to the steel reinforcement as
possible. Rare earth-oxide activated titanium wire was selected as the material. They were
uniformly coated using two layers of epoxy leaving only the tip close to the steel reinforcement
bar exposed. Two locations were chosen to set the electrodes; one of them was placed in
a sound concrete region leaving a one-inch cover while the other was placed in a defective
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concrete region located in the longitudinal mid-point of the specimen, shown in Figure 4.12.
A more detailed view of the setup of the reference electrodes is shown in Figure 4.14.

(a)

(b)

Figure 4.14: Experimental setup of reference electrodes.
The wood form was coated with a mold release agent prior to concrete casting. All nine
specimens were cast in the wood mold displayed in Figure 4.12a. Each specimen was cast in
the position shown in Figure 4.13, and vibrated for a 30-second period on a vibrating table
(see Figure 4.15). The surface of the specimen was finished using a wooden float after the
second layer was vibrated.
The specimens were cast in sets of three, therefore, three replicate concrete batches
were mixed. The concrete was mixed in accordance to practice ASTM C192. Three concrete
cylindrical samples of 2 in x 4 in were also cast from each concrete batch to measure concrete
resistivity, resulting in nine concrete cylindrical samples in total. In addition, Table 4.16
details which concrete batch was used for each steel reinforcement type.
Table 4.16: Batch labeling and number of specimens.
Batch
A
B
C

Reinforcement type
UNS S31653
UNS S32304
ASTM A615

Replicates
3
3
3
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(a)

(b)

Figure 4.15: Concrete mixing and casting of samples.
Initially, specimens were cured in the wood forms for approximately 6 hours. After this
initial curing period, the specimens were removed from the wood molds and plastic bags
were used to cover them, preventing moisture to evaporate. The stainless steel shims were
supposed to be removed immediately after removing the wood molds. However, that removal
was not feasible without damaging the specimen. Instead, a modification to this procedure
was performed to adequately remove the stainless steel shims without compromising the
concrete and still create a controlled zone of concrete deficiency to achieve the objective of
the experiments.
The concrete surrounding the stainless steel shim was removed using a concrete saw
approximately 24 hours after casting. 48 hour after casting the original concrete batch, a
high-porosity concrete was cast instead to replace the section removed. A simulated crack
was created using a stainless steel shim, as it was previously done. A greater lever arm
was used to ease the removal of the SS shim after the initial curing period of the newly
cast concrete. The specimens were clamped on each side of the shim with steel plates, and
the stainless steel shim was pulled out. Figure 4.16 illustrates the final setup of the latter
described stainless steel shim and the setup used to remove it.
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(a)

(b)

Figure 4.16: Shim removal process to generate local deficiency in concrete.
The specimens were then flipped so the bottom layer of reinforcement consisted of two
cathodes while the top layer of steel reinforcement consisted of an anode. The SS shim
was then removed, and the locally-deficient concrete specimens were placed in plastic bags
to maintain moist conditions and were stored in a high humidity chamber (∼85%) at room
temperature (22ºC) for 25 days. A preliminary visual inspection was performed to assess the
concrete quality of each one of the specimens. The top of the specimen was lightly sanded
using 150-grit sandpaper. 6-inch wide, 6 inch-long and 2-inch high, acrylic reservoirs were
then placed on top of the specimens using marine adhesive sealant as shown in Figure 4.17a.
In addition, a one-inch mark was drawn in the acrylic reservoirs to keep a constant ponding
solution level during the cyclic ponding state.
Electrical insulated wire of 16 gauge (1.5 mm2 ) was attached to the steel reinforcement
bars in the specimens using 10-24 threaded stainless steel bolts. The electrical connections
on the sides of the specimen were covered with epoxy sealer (Sikadur 32) to prevent crevice
or galvanic corrosion from occurring. In addition, two layers of the same epoxy sealer were
used to cover the vertical sides of the specimen to prevent flow towards those surfaces. An
electrical connection was provided between the top and bottom layer of steel reinforcement
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(a)

(b)

Figure 4.17: Specimens with concrete deficiencies. (a) Top view after acrylic reservoirs
were installed; (b) preparation procedure prior to testing finished, two layers of epoxy were
used to coat specimens and electrical connections. Circuit with 10-ohm resistor between
anode and cathodes.
36 days after the initial casting; a 10-ohm resistor was placed to connect the top with the
bottom layer of steel based on the guidelines provided in the cracked beam test described in
ASTM A955. The final setup prior to data collection is shown in Figure 4.17b.
The specimens were placed in a large enclosed glass container. The flow of air under
specimens was ensured by lifting the samples about four inches and recirculating using two
fans placed in the bottom of the container. The specimens were placed on two pieces of
wood of 2-in thick which were also supported on two other pieces of wood of about the same
thickness. Subsequently, two heat lamps were placed on top of the glass container and a
reflective wrap was used to reduce heat loss, shown in Figure 4.18a. The final placement of
the specimens inside the enclosed container is illustrated in Figure 4.18a and Figure 4.18b.

56

(a) Front view

(b) Top view

Figure 4.18: Experimental set-up of locally-deficient specimens in enclosed glass container.
Reflective wrap and heat lamps were placed on top of container.

4.4.3 Exposure Conditions
A series of methods including half-cell potential, and electrochemical impedance were
used to monitor the corrosion performance of the steel reinforcement. The first set of measurements were taken at an age of 37 days after casting. Subsequently, exposure conditions
were alternated following a modified procedure based on ASTM A955-A3 guidelines. These
were divided into two stages. Eight specimens consisting of three replicates of each type of
stainless steel and two replicates of plain steel were subjected to both stages. The procedures
for each stage are described below.
The cyclic ponding stage consisted of wet-dry cycles. In this stage, a seven-day procedure
was performed in which the reservoirs of the specimens were filled on the first day with a 15%
reagent grade sodium chloride solution in deionized water (percentage by weight) at room
temperature and covered to prevent changes in the concentration of the solution. On the
fourth day of a cycle, data were collected, and the reservoirs were emptied. Subsequently,
heat lamps were used to increase the temperature of the specimens to 100 +/-3 ºF (∼38
+/-2 ºC) for a three-day period. The heat would be then disconnected, and the specimens
were again ponded to repeat the cycle. The wet-dry cycle was repeated for 12 weeks during
the first stage.
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Subsequently, continuous ponding with 15% sodium chloride solution at room temperature was initiated. Ponding solution was constantly checked and refilled if necessary, to
maintain the desired solution depth on the specimens. During this stage, specimens were
subjected to 6 weeks of continuous ponding in which data would be continued to be acquired weekly. The ponding solution remained on the specimens for this period at room
temperature. Given that no significant variations were observed, the cyclic ponding stage
was repeated. Thus, subsequent to the completion of the continuous ponding stage, a second
stage of cyclic ponding was conducted for a 24-week period.
The exposure conditions of the remaining plain steel replicate specimen were slightly
modified. This specimen was treated as a control sample to compare experimental results
between stainless steel and plain carbon steel subjected to aggressive conditions versus carbon steel subjected to mild environments. During the wet-dry control cycle, this specimen
was first ponded using a 15% reagent grade sodium chloride solution in deionized water
(percentage by weight). The ponding solution was then removed, and the specimen was
allowed to dry in laboratory air at room temperature for three days. The wet-dry control
cycle was then repeated for 12 weeks; however, deionized water was used instead of 15%
sodium chloride solution after the second week of the cycle. The specimen was then subjected to a six-week continuous ponding period using deionized water. The solution depth
was constantly checked, and deionized water was added to maintain the desired solution level.
Subsequently, the wet-dry control cycle procedure was repeated throughout the remaining
duration of the experiment for this specimen.

4.4.4 Data Acquisition
4.4.4.1

Potential Difference between Concrete Regions

Half-cell potential measurements were performed using a multimeter. These measurements recorded the potential difference between the titanium reference electrode within the
locally-deficient and sound concrete region of each specimen as shown in Figure 4.19. The ref58

Figure 4.19: Experimental set-up of potential drop between reference electrodes placed
near the local deficiency and the sound concrete region of the anode.
erence electrode in the locally-deficient region and the sound concrete region was connected
to the positive and negative terminal, respectively. The difference in potential between the
two electrodes sought to provide a better indication of local corrosion activity in the vicinity
of the crack that may not be obvious in the total macrocell current.

4.4.4.2

Macrocell Current

The potential drop across the 10- resistor was recorded as shown in Figure 4.20, in which
the potential of the anode is measured in reference to that of the cathode. Therefore, a
negative result in the potential measurement would confirm that the top rebar is acting as
the anode. On the contrary, a positive potential measurement would indicate that the top
rebar is acting as the cathode. The macrocell current was then calculated using Ohm’s law.
The macrocell current density was later estimated as the quotient between the macrocell
current and the polarized area which was assumed to be the total embedded surface area of
one anode bar.

59

Figure 4.20: Experimental set-up of macrocell current density measurement. Measured
across 10-ohm resistor.

4.4.4.3

Electrochemical Impedance Spectroscopy

EIS measurements were conducted on the locally-deficient concrete specimens with the
highest macrocell current density or potential difference variation. In addition, EIS measurements were taken periodically to monitor these specimens. Prior to data acquisition,
the macrocell was disconnected and a 30-minute period was ensured before initiating the
EIS measurement. The apparatus for this experiment was a Gamry Reference 600+, also,
a titanium wire served as the reference electrode and a rectangular titanium mesh on top
of a moist sponge was used as the counter-electrode. The anode (steel reinforcement at the
top layer) acted as the working electrode. The EIS potential perturbation was 10 mV rms.
The frequency range used in this investigation was 10 mHz to 100 kHz with a data sampling
frequency of 10 points per decade.
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5. Identification of Corrosion Propagation Stage Parameters

In this section, the parameters required to estimate the duration of the corrosion propagation stage (CPS) are presented based on experimental work and simulation results. Where
experimental results were not available, the identification of these parameters relied on literature evidence of SS reinforcement. Since available literature on SS is highly limited, literature
evidence of plain steel reinforcement was considered in this section as well. Further work
will be required to update any assumptions based on CS reinforcement.
Four main parameters were proposed to analyze the CPS in sound and locally-deficient
concrete. The CPS parameters included: corrosion morphology, corrosion products, corrosion rates and limit state. Evidence on the morphology of corrosion and corrosion products,
as well as structural design parameters (e.g., concrete cover and rebar diameter) were used
to predict the most critical serviceability limit state. In this section, two serviceability limit
states-i.e. cracking of the concrete and mechanical failure- were proposed. To predict the
critical amount of corrosion to cause cracking of the concrete XCRIT , empirical models based
on plain steel reinforcement were considered and compared to a preliminary optical procedure (see Section 4.3.3) that could account for the localized nature of corrosion in SS
reinforcement. To analyze mechanical failure of the steel reinforcement, two scenarios-i.e.,
insufficient strength and onset of brittle behavior-were considered.
The identification of these parameters enabled predicting preliminary serviceability limit
states based on the type of reinforcement, as well as geometric and mechanical parameters.
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Furthermore, it provided an indication of the morphology and rate of corrosion on the
different types of steel reinforcement considered in this research.
5.1

Sound Concrete

5.1.1 Corrosion Morphology
The corrosion morphology of steel reinforcement in concrete has a significant effect on
damage propagation. Prediction models proposed by different investigators [33, 71, 72] for
carbon steel agree on the fact that the amount of critical penetration required to cause
cracking of the concrete depends on the lateral propagation of corrosion which may be
expressed in terms of anode length. According to these models, highly localized corrosion
would be expected to require higher penetration depths to cause cracking of the concrete.
This is the case for stainless steel reinforcement; however, few investigations have obtained
experimental results for this parameter.
A study by Presuel et al. [4] investigated corrosion-resistant reinforcement alternatives to
plain carbon steel. The geometry selected for this study was a simulated deck slab reinforced
with two layers of duplex stainless steel bars. Two types of steel reinforcement were used,
UNS S32101 and UNS S32304. The specimens were subjected to a migration cell approach
in which the rate of chloride transport was increased. After these showed signs of cracking,
three specimens of each type of steel reinforcement were autopsied. As expected, small
pitting corrosion spots were observed in some of the steel reinforcement bars on the top
layer. The length of the corroding segments was measured for each of the rebars on the
side where the crack was observed. Overlapping of the corrosion spots was not considered
for these estimates. According to the results of Presuel et al. [4], corroding lengths of
specimens reinforced with UNS S32101 ranged between 19 and 43 mm (∼32 mm average).
Furthermore, the corroding length for specimens reinforced with UNS S32304 reinforcement
ranged between 16 and 27 mm (∼20 mm average). Considering that the entire length of
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Figure 5.1: Height image of 2D measurement of the length of the anode in steel
reinforcement.

Figure 5.2: Optical image of 2D measurement of the length of the anode in steel
reinforcement.
each rebar is about 360 mm (36 cm), the percentage of the length corroding compared to
the total length is no more than 9%.
From the experimental results of the present investigation, the morphology of corrosion
of the legacy specimen described in Section 4.3 was analyzed. Two-dimensional (2D) measurements were performed using a wide area 3D-system (see Section 3.3.3) to estimate the
corroding length at the corrosion spot suspected to have caused cracking of the concrete.
The length of the anode was estimated to be about 39 mm. This result is shown in Figure
5.1 and Figure 5.2. This result was also found to be comparable to the length of the anode
values described in the investigation conducted by Presuel et al. [4] for the same type of
reinforcement which ranged between 19 and 43 mm. It is worth highlighting that there was
approximately a six-year gap between the original investigation and this report, in which the
sample was stored indoors after the initial exposure was terminated.
A main finding of the present research was that corrosion was only found on the side of the
SS steel reinforcement facing the concrete cover; thus, corrosion was limited to only a portion
of the circumference. This observation agrees with the visual inspection results presented by
Presuel et al. [4] that indicated that only an area limited to half of the circumference of the
bar was corroding.
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A similar observation was found by a subsequent investigation performed by Van Niejenhuis et al. [41] to sound, transversely-cracked and longitudinally-cracked SS reinforced concrete specimens. This investigation, which analyzed six different grades of SS (UNS S30453,
UNS S31653, UNS S32101, UNS S32205, UNS S32304 and UNS S24100), found that corrosion
was generally limited over an area of about one-third of the circumference [41]. According
to the author, this was found to be the case for both longitudinally and transversely cracked
SS reinforced concrete specimens. Corrosion acceleration techniques were also implemented
by Van Niejenhuis et al. [41] including extremely aggressive exposure environments such as
continuous exposure to chloride as well as variation in temperatures ranging between ∼-10ºC
and 25ºC. It is important to note that the investigations performed by both Presuel [4] and
Van Niejenhuis et al. [41] were significantly accelerated compared to field conditions, and the
concrete cover used (∼25mm) was less than the minimum concrete cover typically provided
for reinforced concrete structures subjected to aggressive environments.
The corrosion propagation behavior will have a direct impact on the limit state of a
reinforced concrete structure. After corrosion initiates in SS, pits could potentially grow in
three dimensions. Due to the complexity of this mechanism, different authors have tried to
study this mechanism by developing simplified models [73] in which only lateral and radial
corrosion damage propagation is considered. These models were often limited by either one
or a combination of these factors: ohmic resistance, mass transport of the reactive species
at the location of the pit, charge transfer during the anodic reaction and cathodic reaction
rate [73].
An investigation performed by Hurley [16] attempted to find the influencing factors that
control radial and lateral corrosion propagation in plain steel and austenitic SS reinforcement. All samples were evaluated in Ca(OH)2 solution. The results were then extrapolated
to concrete. The results from their radial corrosion propagation experiment suggest that
the pit growth mechanism is ohmically controlled in Ca(OH)2 solution. Lateral corrosion
propagation was also evaluated using a micro-electrode array. As expected, it was concluded
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that while corrosion of carbon steel rapidly spread across the surface, austenitic SS exhibited
major resistance with little to no corrosion in surrounding areas. Hence, SS316 presented a
higher lateral corrosion propagation resistance when compared to that of plain steel [73].

5.1.2 Corrosion Products
The type of corrosion products formed on metals in concrete has a significant effect on
damage propagation. Very little research material has been performed to characterize the
corrosion products generated by stainless steels. An investigation by Serdar et al. [35] aimed
to solve these questions by studying the type, morphology and in-situ spatial distribution
of the crystalline phases of corrosion products formed under natural conditions. Reinforced
mortar samples exposed to aggressive chloride solution for a period of 2 years were monitored by using EIS and open circuit potential measurements. Later, micro-X-Ray diffraction
(XRD), micro X-Ray Fluorescence (XRF) and Scanning Electron Microscopy (SEM) Energy Dispersive Spectrometry (EDS) techniques were employed to determine the chemical
composition of corrosion products present in 10% and 16% weight chromium steels. As the
phases are usually hard to distinguish, Back-scattered SEM (BSE) images were recorded.
Results obtained by Serdar [35] suggested that the crystalline phases present in plain
steel and stainless steel were comparable. The main crystalline phases found for both types
of reinforcement were goethite (α-FeOOH) and akaganeite (Fe3+ O(OH,Cl) aka β-FeOOH).
In the case of akaganeite, it was suggested by different authors that it is usually present
in corrosion occurring in marine environments [74–77]. Although corrosion products with
chromium were identified, these were not as predominant as the iron phases. This observation is not unusual as Cr and Ni have a lower contribution in comparison to Fe to the
chemical composition of stainless steel. Elemental maps were also created to analyze the
distribution of these two main products plotted as two-dimensional phase distribution maps.
From the elemental map results, Serdar et al. [35] found a layer of goethite close to the
steel surface followed by layers of akaganeite. It was also suggested that there could be a
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favorable environment in the steel/cement mortar interface for akageneite formation due to
an increased amount of dissolved iron and chloride ions [35].
A different investigation performed by Marcotte [78] studied the specific volume of corrosion products whereby iron was the parent metal. Crystallographic data was used to
compute these values using pure iron as the reference volume (Relative volume Fe=1). This
investigation revealed that akaganeite occupies approximately three and a half times the
volume of iron while goethite occupies about three times the volume of the original volume
of iron.
Similar findings were concluded from an investigation performed by Scully [42]. Based
on the composition of the alloys, the density for possible oxides and hydroxides that could
be formed due to corrosion was found. The author concluded that corrosion products from
UNS S316 and UNS S32101 could present similar densities to the oxides of plain steel. Furthermore, the specific volume of corrosion products formed during active corrosion suggested
that CrO3 would be the only compound higher than iron oxides and hydroxides [42]. XRDpowder diffraction results from the same investigation suggested that the corrosion products
formed mostly were comprised of iron oxides and hydroxides.

5.1.3 Corrosion Rates
From the experimental results of the present investigation, corrosion rates were estimated
based on the impedance data of the specimens detailed in Section 3.1 and Section 3.2.
The beam specimens presented in Section 3.1 were used to provide corrosion rate values
at each designated position along the beam. In an effort reduce the uncertainty caused by the
non-uniform distribution of current in these specimens, a finite element model simulating the
impedance measurements was developed. Model information including governing equations,
mesh sizing and functions used are explained in Section 3.1.3. The average corrosion rate at
certain locations (representing each region of the specimen) was plotted as a function of time
in a semi-log diagram as shown in Figure 5.3a and 5.3b for SS and CS, respectively. The
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values pointing to each series correspond to the position along the beam according to the
number line provided in Figure 5.3. The included error bars represent the standard deviation
of the results of the three samples.
Figure 5.3a depicts the corrosion rate evolution of the specimens reinforced with stainless
steel over time. Prior to adjusting the low frequency limit of the impedance measurements
from 10 mHz to 1 mHz for the measurement obtained at the end of the beams (-80 cm
and 80 cm), locations in the chloride-free and the chloride-contaminated regions seemed to
have similar values. However, after the final frequency at the end locations was modified
to 1 mHz, corrosion rates calculated at these locations dropped significantly. Adjusting
the low frequency limit of the measurement taken within the chloride-contaminated region
did not result in significant changes to the estimated corrosion rate. Thus, the frequency
range in the chloride-contaminated region remained constant. The corrosion rate estimates
in the chloride-contaminated locations of the SS beams increased noticeably in the first 180
days and later stabilized with slight fluctuations until an age of ∼330 days was reached.
The maximum corrosion rate values have maintained values ranging between 0.3 and 0.6
µm.yr-1 , if a large length of the reinforcement was assumed to be corroding. Nonetheless, it
is expected that the measured corrosion rates are underestimated in the case that localized
corrosion occurs.
Figure 5.3b shows the corrosion rate evolution of the specimens reinforced with carbon
steel over time. According to the results, it can be suggested that these specimens have been
corroding for over 200 days since the average calculated corrosion rates were consistently
ranging between 2.5 and 6.7 µm.yr-1 during this period. The appearance of cracks was
observed in two out of three of the specimens around 310 days after casting; thus, both of
these specimens (CSA and CSB) were terminated. The remaining specimen CSC presented
lower corrosion rates than the other two. Subsequent to the termination of two CS specimens,
corrosion rate results of the remaining specimen showed visible fluctuations as shown in
Figure 5.3b.
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Figure 5.3: Behavior of the corrosion rate over time of representative beams.
Results of the reinforced concrete beams suggested that the average corrosion rate of the
steel in the chloride-contaminated region was about one order of magnitude greater than
that of the steel in the chloride-free regions. This observation was found to be applicable to
both types of reinforcement and became more evident in the SS specimens after modifying
the frequency threshold. Moreover, corrosion rates in CS specimens are about one order of
magnitude higher than those of the SS specimens.
From these results, it was still not clear whether corrosion of the stainless steel has
initiated. Detection limitations inherent to the EIS technique described later in Chapter 5
were such that, if highly localized corrosion was occurring, it would not be clearly detected
by these measurements. To address this, results from the reinforced cylinders were compared
to those obtained for the beams, both described in Chapter 3. The cylinders were expected
to provide a lower level of uncertainty given that the corrosion rates are based on what was
assumed to be a known polarized area.
Corrosion rates of the reinforced beams and cylinders are presented in Figure 5.4 as a
function of time. Figure 5.4a and Figure 5.4b show corrosion rates in chloride-contaminated
and chloride-free regions compared to those of cylinders reinforced with carbon steel and
stainless steel, respectively. The RILEM criterion [36] was included using shaded regions
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designating high corrosion activity (shaded in gray), and negligible corrosion activity (shaded
in blue).
For the CS reinforced specimens, corrosion rate values of the cylinders were initially
greater than those of the beams as shown in Figure 5.4a. At an approximate age of 100
days, the corrosion rate of the beams and the cylinders converged to similar values ranging
between 1 µm.yr-1 and 3 µm.yr-1 . The values for the chloride-contaminated region remained
within the same order of magnitude as those in the chloride-free region until age of ∼300
days was reached. This could be indicative of the actual steel condition or the existence of
error in the polarized area assessment. After ∼300 days, corrosion rates of the CS beams
showed a significant decrease in the chloride-free region while remaining within the same
order of magnitude in the chloride-contaminated region. In the case of the CS cylinders,
initial corrosion rate values were fairly high during the first ∼100 days and decreased until
stabilizing at values ranging between ∼2 µm.yr-1 and ∼5 µm.yr-1 . A slight increase was
observed after the specimens reached an age of ∼235 days, reaching a mean value of ∼7
µm.yr-1 in the most recent results. Similar corrosion rates of the small cylinders and the
chloride-contaminated region of the beams suggest some level of accuracy of the EIS method
in assessing corrosion rates of CS reinforcement.
For the SS beams, corrosion rates within the chloride-contaminated and chloride-free
regions present corrosion rates ranging between 0.06 µm.yr-1 and 0.4 µm.yr-1 , shown in
Figure 5.4b. After decreasing the final frequency of the experimental setup by one order of
magnitude at the ends of the SS specimens, corrosion rates dropped to ∼0.01 µm.yr-1 at the
chloride-free location (80 cm). Simultaneously, corrosion rates in the chloride-contaminated
region reached maximum values of 0.4 µm.yr-1 -0.5 µm.yr-1 .
Corrosion rates have not exceeded values within the negligible corrosion range at any
of the locations measured in the SS reinforced beams. In the case of SS cylinders, initial
corrosion rates presented values lesser than those of the SS beams (∼0.1 µm.yr-1 ). Nevertheless, at the age of ∼100 days, a sharp increase was observed wherein the corrosion rate
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reached a value of ∼0.7 µm.yr-1 . Subsequent to that, corrosion rate estimates of the SS
reinforced cylinders continued to increase, reaching values as high as ∼10 µm.yr-1 at about
200 days of age. This value is about one order of magnitude greater than those of the
beams and indicative of active corrosion according to the corrosion rates criteria proposed
by RILEM [36]. At this time, one reinforced cylinder specimen was terminated for each type
of steel reinforcement. The aggressiveness of the exposure conditions was then lessened by
maintaining laboratory temperature conditions (∼22 °C). Subsequently, the corrosion rate
values of the SS reinforced cylinders began to decrease. The heating frequency was again
readjusted to increase the aggressiveness of the exposure conditions at an age of ∼260. The
standard deviation of the corrosion rate values showed an evident increase at ∼300 days of
age. This increase in the standard deviation was caused by a sharp decrease in one of the
SS reinforced cylinders which continued even after readjusting the exposure conditions. The
other SS reinforced cylinder showed fluctuations in the corrosion rate which could indicate
ongoing depassivation and repassivation of the steel reinforcement. The average corrosion
rate of the SS reinforced cylinders reached values within the same order of magnitude of the
SS beams at an age of 450 days. Nevertheless, further exposure is required to determine the
likelihood of repassivation or repassivation of the SS reinforced cylinders.
Moreover, considering the findings regarding the corrosion morphology of stainless steel
reinforcement and the experimental results presented here, it is likely that the analysis of
the impedance response would result in underestimations of corrosion rates, as suggested by
the larger corrosion rates obtained from the cylindrical specimens.

5.1.4 Critical Corrosion Penetration (XCRIT )
Preliminary critical reduction in the steel reinforcement radius results are described in
this section for a legacy specimen described in Section 3.3. These results were compared
to those obtained obtained from established empirical models described in Section 3.3.3
developed for carbon steel and epoxy coated reinforcing bars.
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Figure 5.4: Corrosion rate as a function of time of reinforced beams and cylinders. Beams
measurements obtained at two locations-i.e., end (80 cm) and center (0 cm)-.

5.1.4.1

Legacy Specimen Autopsy

Autopsy results of the legacy specimen described in Section 3.3 were used to estimate
XCRIT . The surface area and volume loss (if applicable) of corrosion were computed and
summarized in Table 5.1. In the first case, XCRIT was found to be approximately 48 µm
using Equation 11. In contrast, a value of 157 µm was determined when accounting for
localized corrosion confined to a fraction of the circumference, which corresponded to the
second case of the optical procedure. The latter XCRIT value was about three times larger
when compared to the first case in which uniform corrosion along the anode was assumed.
Table 5.1: Surface area and volume loss estimates.
Case
I
II

Asurface
mm2
994
303

Volume
mm3
47.4

XCRIT 11
µm
48
157

XCRIT 12
µm
39
39

XCRIT 12
µm
32
32

XCRIT 15
µm
67
67

XCRIT was also estimated using the existing models, described by Equation 12 and Equation 15, considering a concrete cover of 23 mm, a bar diameter of 16.5 mm and an anode
length of 38.4 mm. The area corroding was estimated using the optical procedure. Further71

more, the fractional length (Lf ) and fractional area (Af ) estimated using Equation 13 and
Equation 14, were 0.107 and 0.016, respectively.
5.1.4.2

Previously Reported Values

Additional values based on autopsy results of similar specimens were presented by Presuel
et al. [4]. The experimental results of mass loss were used to estimate XCRIT according to
Equation 16. The values obtained were compared to existing models, including the one proposed by Torres-Acosta and Sagüés [33], and Busba [71] as per Equation 12. The estimated
values of XCRIT are summarized in Table 5.2. The results obtained using the model proposed
by Torres-Acosta and Sagüés [33] ranged between 36 and 76 µm for SS2101; and 50 and 93
µm for SS2304. Furthermore, results using the model proposed by Busba [71] estimated
values ranging between 29 and 50 µm for SS2101; and 38 and 98 µm for SS2304. While the
results obtained by these models did not exceed 76 µm for SS2101 and 93 µm for SS2304,
the gravimetric loss experimental results were up to 204 µm and 304 µm, respectively.
Table 5.2: Critical penetration depth estimates from simulated deck slab specimens
reported by FAU [4].
Rebar

ID

2101
2101
2101
2304
2304
2304

1-1C
1-2B
1-5B
2-1B
2-2B
2-4B

XCRIT 12
µm
37
44
76
50
93
92

XCRIT 12
µm
29
33
50
39
58
58

XCRIT 16
µm
108
108
204
98
59
304

A previous investigation conducted by Hurley [73] obtained theoretical calculations of
XCRIT for SS316, SS2101 and plain steel. In the case of SS316 it was assumed that localized
attack would be expected. The ratio between the corroding length and the critical penetration (L/ XCRIT ) was assumed to be approximately four [75]. Since duplex SS reinforcement
is expected to have a less localized form of corrosion attack when compared to SS316, the
L/ XCRIT value was assumed to be 8. In contrast, a more uniform corrosion attack would
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be expected for CS. The L/ XCRIT values of CS were assumed to be 40. Thus, the authors
suggested that the XCRIT values for SS316, SS2101 and CS were approximately 234 µm, 152
µm, and 56 µm, respectively. For analysis purposes, the concrete cover and bar diameter
values were adjusted to match the ones used in the specimens from the investigation performed by Presuel et al. [4] (∼1-in cover and No. 5 bar) and the present report. The XCRIT
values found for SS316, SS2101 and plain were approximately 185, 129 and 64 µm.
The XCRIT value obtained by Hurley [73] for SS2101 (129 µm) is comparable to the one
obtained for the same type of SS in this investigation; accounting for only the area corroding
using the optical procedure (157 µm). In contrast, the XCRIT results obtained using the
models developed for CS reinforcement seem to be slightly more conservative since these
are based on the assumption that corrosion occurs uniformly along the length of the anode
around the entire circumference.
The comparisons made in this investigation between the true XCRIT values, based upon
either mass loss or surface damage measurements, suggest that the models developed for
carbon steel reinforcement may provide overly conservative estimates of XCRIT for stainless
steel reinforcement. Further work is required to develop a suitable model of XCRIT that
accounts for the extremely localized nature of the corrosion morphology of stainless steel in
concrete.

5.1.5 Critical Radius Loss for Mechanical Failure
Given that corrosion in plain carbon steel reinforcement spreads along the rebar, as well
as around its perimeter, enough volumetric expansion can occur to cause cracking or spalling
of the concrete. However, when corrosion is highly localized, a given loss of local rebar cross
section could threaten the mechanical durability of the steel before showing any signs of
cracking or spalling.
Corrosion degrades the mechanical properties of materials as determined in standardized
tests [79–83]. For steel reinforcement, two of the most significant mechanical properties for
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design are yield strength and ductility. The yield strength is governed by the grade of the
reinforcement bar (usually grade 60 or 75). For stainless steel rebars, the minimum yield
strength requirements as well as ductility in terms of elongation and bending are contained
in ASTM A955.
In this section, two limit state scenarios are proposed to assess the influence of corrosion
on the mechanical properties of steel reinforcement. The first one presents the case in which
the steel reinforcement may fail due to the loss in load-capacity, whereby the yield strength
requirement would not be fulfilled. The second case consists of the onset of brittle steel
behavior. That condition, which would be detrimental to the structure in the event loads
became excessive, could be present even if the other limit state had not yet been reached.
It is recognized that other mechanical degradation scenarios may be present instead of or
concurrent with the above.

5.1.5.1

Insufficient Strength (IS)

A mathematical model was developed by Ting and Nowak [84] to estimate the effect
of the loss of metal due to corrosion (evaluated in terms of area) of plain carbon steel
reinforcement on flexural behavior of reinforced concrete beams. The authors suggested that
the relationship between the decrease of strength and the loss of cross-sectional area caused
by corrosion of the steel reinforcement was approximately linear.
Various investigations have adopted a linear model to relate the degree of corrosion and
degradation of parameters such as the yield strength (fy ), ultimate tensile strength (fu ) and
elongation to fracture (u ). The degree of corrosion (Qcorr ) was defined as the average crosssection area expressed as a percentage of the original uncorroded area. In some cases, this was
measured experimentally as the ratio between the mass loss due to corrosion and the initial
mass of that portion, in which both parameters were measured at the same representative
portion of the bar. The model relations are expressed in terms of corrosion degree and an
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empirical coefficient, α. The expression proposed for the yield strength is

fy = (1 − αy Qcorr )fy0

(17)

where the “0” subscript indicates the initial values in the un-corroded condition. The empirical coefficient α quantifies the rate of degradation and has values influenced by the
experimental setup and exposure conditions. Cairns [5] compiled the values of α proposed
by different by various authors, listed in Table 5.3.
Almusallam [83] studied the effect that the corrosion degree may have on the properties
of reinforcing plain steel bars. Concrete specimens reinforced with grade 60 of ASTM A615
were immersed in 5% sodium chloride solution while an anodic current of 2 mA/cm2 was
impressed to accelerate corrosion. The findings showed that bars with a 6-mm and 12mm diameter would not meet the tensile stress requirements when the degree of corrosion
exceeded values of 11 and 24%, respectively. A subsequent investigation performed by Cairns
et al. [5] aimed to evaluate the effect of corrosion attack on the mechanical properties of
steel reinforcement. Several tests were performed wherein the loss of cross-sectional area
was simulated by performing mechanical cuts or accelerating the corrosion of the metal.
The loss of cross-sectional area was considered as non-uniform or pitting corrosion, shown
in Figure 5.5, which should be applicable to the corrosion morphology of stainless steel. A
non-linear numerical method based on the stress-strain behavior of an uncorroded bar was
proposed to evaluate the impact of different parameters on the strength of corroded steel
samples.
Cairns et al. [5] compared yield and ultimate strength between corrosion-free and 10%corrosion plain steel samples. Although no evident change was observed in the yield strength
between the samples, the ultimate tensile strength dropped approximately 10% when a
corrosion degree of 10% was present. It is important to note the latter is not as significant
for construction application since the yield strength is the one specified in the codes.
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Table 5.3: Empirical coefficients for strength and ductility based on literature review [5].
Author(s)
Specimen
Palsson and
Concrete
Mirza [85]
Castel, Francois
Concrete
and Airliguie
Du

Bare

Exposure

Qcorr , %

αy

αu

α1

Service, chlorides

0 to 80*

0

0

NS

0 to 20

0

NS

0.035

0 to 25

0.014

0.014

0.029

0 to 18

0.015

0.015

0.039

0 to 1

0

0

0

0 to 1

0

0

0

0 to 25

0.017

0.018

0.06

Chlorides,
0.0 mA/cm2
Accelerated,
0.5 to 2.0 mA/ cm2
Accelerated,

Concrete
2

Maslehuddin
et al.

Bare

Allam et al.

Bare

1.0 mA/ cm
Service,
marine
Service,

Morinaga
Zhang, Lu
and Li

Concrete

Arabian coast
Service, chlorides

Concrete

Service, carbonation

0 to 67

0.01

0.01

0

Andrade et al.

Bare

Accelerated,
1 mA/cm2

0 to 11

0.015

0.013

0.017

Saifullah and
Clark

Concrete

Accelerated,
0.5 mA/ cm2

0 to 28

Lee, Tomosawa,
and Noguchi

Concrete

Cairns

Concrete

Accelerated,
13 mA/ cm2
Accelerated,
0.01 to 0.05 mA/cm2

0.013, 0.017,
NS
0.012

0.014

0 to 25

0.012

NS

NS

0 to 3

0.012

0.011

0.03

Cairns et al. [5] classified the specimens as lightly (less than 7%) or heavily corroded. The
lightly corroded specimens presented an approximately linear relation with the reduction
of the area of cross-section. In contrast, heavily corroded specimens presented a milder
relationship since the reduction in yield strength was less than the maximum reduction in
the area of the cross section [5].
Fernandez [86] analyzed the mechanical response of corroded specimens after being subjected to two phases consisting of monotonic and cyclic load tests. Plain carbon steel with
10-mm and 12-mm diameters were used for the experiment. The first phase of the test
allowed the author to obtain stress-strain parameters of corroded specimens with corrosion
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Figure 5.5: Schematic illustration of cross-sectional loss of rebar subjected to pitting
corrosion [5].
degrees ranging from 8 to 22%. Results from this first phase suggested that the corrosion
degree strongly influenced the yield and ultimate stresses of the steel. It was also concluded
that assuming uniform corrosion around the cross-section provided a good insight into the
evolution of mechanical properties of the steel reinforcement based on actual corrosion penetration. A parabolic function was observed to provide a good fit for yield and ultimate tensile
strength data when assuming uniform corrosion around the cross section, also referred to as
idealized corrosion.
Fernandez [86] noted that the experimental results obtained for the tensile capacity of
bars subjected to corrosion underestimated the theoretical capacity when using Equation 17.
In all cases studied, the author found that the mechanical properties were not proportional to
the degree of corrosion. Moreover, other factors such as stress concentrations, displacement
of the center of gravity and non-homogeneity of the material should be considered [86].
Stewart [87] studied the effect of corrosion on flexural and shear reinforcement in structural reliability in plain steel-reinforced concrete beams. It was found that even relatively
low loss of the cross-sectional area could cause reductions in yield strength. When high
corrosion degrees were observed, the effect on the ductility would become more predominant
than the reduction in the yield strength. This is further described in Section 4.1.6.2. This
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Figure 5.6: Spatial tensile capacity of non-uniformly corroding reinforcement bar.
investigation also revealed that the pit morphology played an important role in the spatial
capacity of the steel reinforcement, shown in Figure 5.6.
A subsequent investigation by Tang et al. [88] developed a statistical method to assess
the effect of non-uniform corrosion attack on the mechanical properties of plain carbon steel
(ASTM A615) reinforcement. This investigation aimed to provide more accurate crosssectional area loss measurements by using a 3D laser scanner. This method provided an
improvement for types of steel with localized corrosion attack, such as stainless steel.
Tensile tests and statistical analysis were then performed by Tang et al. [88] to obtain the
relation between corrosion loss and yield strength. Various average corrosion degrees were
evaluated, ranging from 0% to 29%. The results obtained by Tang [88] indicated that the
yield and ultimate strength presented a linear relationship with the loss of the cross-sectional
area. The improved loss of cross-sectional area 3D measurements seemed to correlate better
to the results than the average loss of cross section. However, none of the results showed
drastic decreases in the yield strength that would cause the steel to violate ASTM A615
requirements.
Only one author was found to study the effect of corrosion degree on the yield strength of
stainless steel reinforcement. Wu et al. [89] studied the influence that different strain levels
could have on corrosion of stainless steel reinforcement. The material selection was based on
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cost savings; thus, ferritic stainless steel bars were used. The specimens were subjected to an
accelerated corrosion test, after which the effect on mechanical properties was evaluated by
performing uniaxial tensile tests of the corroded specimens. Results from the uniaxial test
suggested that the corrosion degree had a direct influence on the mechanical performance
of stainless steel. Hence, higher corrosion degrees would cause a decrease in the yield and
ultimate tensile strength. This conclusion agrees with the findings from similar investigations
performed in plain carbon steel rebar. It is important to note that only the final area of the
cross-section is used to make yield strength estimations.
Given that the composition of stainless steel is different from that of plain steel, the effect
of the different alloying elements in the microstructure and surface appearance should also be
considered. Different investigations have suggested that stainless steel may be subjected to
higher (compared to those for CS) deterioration rates in the mechanical properties [90–93].
Nevertheless, for specimens with corrosion degrees lower than 25%, the yield strength was
still higher than that of most plain steel bars. In most cases, the yield strength reported by
stainless steel manufacturers significantly exceeds the minimum requirements.
For illustrative purposes, two types of stainless steel were selected to estimate the required
corrosion degree to cause a ductile mechanical failure, duplex UNS S32304 and austenitic
UNS S31653. Those corresponded to the bars in the experiments in Section 3.4. Manufacturer reported strength, ductility and specified grade are listed in Table 5.4.
Table 5.4: Mechanical properties of steel reinforcement bars.
Type of steel
UNS S32304
UNS S31653
ASTM A615

0.2% Yield Strength
ksi
MPa
91.29
629.42
97.21
670.24
72.98
503.18

Elongation/8” Grade
%
ksi MPa
20.13
75 517.11
21.15
75 517.11
15
60 413.69

Two limit state value scenarios were selected for IS declaration for each alloy. One was
conservatively equivalent to a reduction of strength from the manufacturer-reported value to
the Grade value of the alloy (i.e., from ∼95 ksi to 75 ksi, or a ∼21% reduction in strength).
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The other, less conservative, was a reduction from ∼95 ksi to 32 ksi (∼66%), where the end
value is representative of the lower bound specification for some structural steels [94]. As
shown next, the projected result does not depend on the specific values chosen but rather
on their ratio (percentage), which were selected to bracket a likely range of interest between
high or low conservative approaches. It is emphasized that these choices are presented only
as an example for the following illustrations of the methodology, and that alternative values
may be readily substituted for specific case analyses.
The corrosion penetration amount corresponding to the conditions indicated above was
estimated as follows. Approximating the corrosion effect as a simple, effectively uniform loss
of cross sectional area, then the area of the rebar subjected to corrosion (Acorr ), and the
nominal cross-sectional area of the uncorroded bar (Axs ) are related by

Acorr = Qcorr Axs .

(18)

The cross-sectional area of the corroded bar (Axs,corr ) may be estimated by subtracting
the area of the rebar subjected to corrosion from the nominal cross-sectional area of the
uncorroded bar, expressed as

Axs,corr = Axs − Acorr .

(19)

From Equation 17, the Qcorr value for each condition is

Qcorr

1
=
αy



fy
1−
,
f0

(20)

where fy0 is the initial yield strength per Table 5.4 and fy represents the corroded bar yield
strength at the failure condition (either the Grade value or 32 ksi). The chosen value of αy
was 0.017, which was based on the investigations reported earlier on (see Table 5.3).
With that value of Qcorr , for a given bar size and its corresponding value of Axs , Acorr may
be obtained per Equation 18. Axs,corr may be then estimated using Equation 19. Given the
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uniform loss assumption, the diameter of the corroded section (dred ) at the limit condition
is then given by
r
dred =

4Axs,corr
.
π

(21)

Finally, the value of the critical corrosion penetration XmechIS may be estimated as an
average between the reduced diameter (dred ) and the initial diameter (d).
Table 5.5: XmechIS estimation for the more conservative alternative. ∼21% strength loss
considered.
Type of steel
UNS S32304
UNS S31653

Qcorr
% per Grade fy value
10.50
13.44

XmechIS
mm
0.43
0.55

Table 5.6: XmechIS estimation for the less conservative alternative. ∼66% strength loss
considered.
Type of steel
UNS S32304
UNS S31653

5.1.5.2

Qcorr
% per Grade fy value
38.26
39.52

XmechIS
mm
1.70
1.76

Onset of Brittle Behavior (OB)

The second mechanical limit state type considered that at some level, the loss of cross
section resulted in marked loss of ductility of a stainless steel-reinforced element. This
behavior, promoted in part by the development of multiaxial stress regimes in a constricted
cross section, has been observed by various researchers [79, 83, 95–101].
Almusallam [83] attempted to find the effect of corrosion on the mode of failure of the
reinforcement bars. The author found that as the degree of corrosion increased, ductility
measured as the elongation to fracture would decrease. The investigation indicated that after
the corrosion degree exceeded 12%, the minimum elongation required by the ASTM A615
would not be fulfilled and a brittle behavior of the steel reinforcement would be expected.
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Another investigation performed by Cairns et al. [5] also considered the influence of corrosion on ductility of steel reinforcement. It was concluded that ductility was the most
sensitive mechanical property to corrosion degree. The author suggested that heavily corroded steel reinforcement (degree of corrosion of ∼8%) could present a ductility decrease of
about 20% [5].
The investigations performed by Almusallam [83] and Cairns et al. [5] concerned the
effect of corrosion on the mechanical properties of plain steel reinforcement. Although they
serve as a first approach to examining the influence of corrosion on the ductility of steel
reinforcement, these do not consider the corrosion morphology characteristics of stainless
steel. Moreover, even for similar corrosion morphology changes, the ductility of austenitic
stainless steel reinforcement could be quite different from those encountered in predominantly
ferritic plain steel material.
The second phase of an investigation performed by Fernandez et al. [86] subjected specimens to cyclic loads using three stress ranges representative of common service loads (150
MPa, 200 MPa and 300 MPa). Thus, fatigue life reductions due to corrosion could be estimated. The specimens presented a similar range of corrosion degree between 8 and 28%.
This study considered other factors associated with localized corrosion morphology that may
cause stress concentration at the pit location, such as the influence of pit geometry. Although
no strong correlations were found between the degree of corrosion and pit length or depth,
it was suggested that the pit depth has a higher influence on fatigue life behavior than pit
length. Furthermore, the effect of low degrees of corrosion in fatigue life are not very significant. Nevertheless, when high degrees of corrosion (Qcorr > 8%) were observed, the fatigue
life was severely decreased. Fernandez et al. [86] also concluded that premature failure was
observed due to critical loss of ductility of the steel.
A similar conclusion was drawn from an investigation performed by Stewart [87]. This
author concluded that although low corrosion degrees might still allow ductile yielding, higher
corrosion degrees could result in brittle fracture [87]. The author also suggested that the
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likelihood of failure of reinforced concrete, if brittle reinforcement behavior was assumed,
increased by approximately 450% (in reference to when ductile behavior is assumed) [87].
This would indicate that failing to meet the required ductility criteria would significantly
threaten the reliability of a structure. Stewart proposed two scenarios to study the effect of
each phenomena in structural reliability, expressed as
• Perfectly ductile parallel system, and
• Perfectly brittle parallel system.
Additionally, pitting morphology was also considered by assuming a Gumbel distribution
of the pits following a stochastic model. These scenarios served as reference to assess the
transition from ductile to brittle behavior of the steel reinforcement. Stewart suggested that
this transition was both spatial and time dependent [87]. Similar investigations [5, 83, 85]
found corrosion degree values where ductility was reduced, further detailed in Table 5.7.
Table 5.7: Experimental results on the influence of Qcorr on ductility.
Author(s)

Qcorr
%
12.60
Almusallam [83]
20.00
15.00
Palsson and Mirza [85]
50.00
Cairns [5]
20.10

Obs
Brittle behavior
complete loss of ductility
33% reduction in ductility
Highly brittle behavior
Brittle behavior

Based on Table 5.7, Stewart [87] proposed a corrosion degree limit (Qcorr ) of 20% to
characterize the failure behavior of the steel. Hence, when the corrosion degree was lower
than 20%, a ductile behavior would be assumed. Otherwise, a brittle behavior would be
expected.
The test results on plain steel specimens subjected to non-uniform corrosion obtained by
Tang et al. [88] showed a stronger influence. Exponential drops in ductility were reported
for plain steel when the loss of the cross-sectional area increased. The rate of ductility loss
was suggested to be more critical than that of the loss of yield strength [88].
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A similar conclusion was drawn by Wu et al. [89]. The degradation of elongation produced
by corrosion seemed more prominent than the yield and ultimate strength. It was observed
that the necking phenomenon progressively weakened, suggesting that the ductility of the
specimen decreased as the corrosion degree increased. Furthermore, when the corrosion
degree reached a value of 8.6%, the elongation failed to meet the minimum criterion of
15%, specified by YB/T 4362-2014 (China). In the United States, ASTM A955 requires a
minimum elongation/8-in of 20% for of stainless steel reinforcement grades 60 and 75.
The above information was used in this investigation for a tentative estimate of the
degree of corrosion penetration required to reach an onset of brittle behavior (XmechOB ).
The treatment used earlier with Equation 18, and Equation 20 was applied to the case of
a No. 5 bar, using as inputs the findings of the investigations listed in Table 5.7 as well as
those from Wu et al. [89]. The results are summarized in Table 5.8. While the results show
a significantly lower amount of required to reach brittle behavior for SSs when compared
to CS, these are merely based on literature evidence for only one case of SS reinforcement.
Thus, future experimental evidence will be needed to establish trends adequately.
It is noted that this limit state does not mean that mechanical failure of the rebar
necessarily takes place as the limit state is reached. Rather, the state means that if service
loads were to become excessive, the fracture of the rebar could take place in a brittle manner.
The resulting reduction in the amount of energy needed to propagate structural damage is
the adverse consequence associated with this limit state.
Table 5.8: Tentative XmechOB estimates from experimental findings from various sources.
Author(s)
Almusallam [83]
Palsson and Mirza [85]
Cairns [5]
Wu Xun [89]

Type of rebar

Qcorr XmechOB
%
mm
12.60
0.52
Plain steel
20.00
0.84
15.00
0.62
Plain steel
50.00
2.32
Plain steel
20.10
0.84
Stainless steel 8.60
0.35
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It is furthermore noted that much of the embrittlement addressed above is related to geometric stress multiaxiality and intensity enhancement in the irregular geometry of corroded
cross sections. Reductions in critical stress intensity from phenomena such as chlorideinduced EAC can exist. For example, an investigation by Martin et al. [102] suggests that
a 4 wt% addition of chloride could have a detrimental effect on the mechanical properties
of austenitic stainless steel reinforcement, including a transition from ductile to brittle behavior. The second and third chapters of this thesis comments on this issue as well. Such
mechanisms merit careful consideration in future studies.

5.1.5.3

Discussion on Mechanical Failure Mechanism

In summary, the information available in the literature and the analysis presented in previous sections indicate that corrosion-induced reduction of the cross-sectional area degrades
the mechanical properties of the steel reinforcement in both plain carbon and stainless steel.
Two mechanical properties, yield strength and ductility, were selected as the governing properties of loss of strength and brittle behavior, respectively. It was assumed, for simplicity,
that corrosion was occurring uniformly around the circumference of the steel reinforcement.
Corrosion penetration values that would compromise the structural reliability (Xmech) were
then estimated and compared. In the ductile failure case, two relative yield strength loss
criteria were selected representing high and low conservative alternatives.
The corrosion degree and XmechIS results suggest that a value of 430 µm would be enough
to fail to meet the more conservative criterion (∼21% strength loss). It is evident that about
3 times larger amounts of corrosion would be required to reach the less conservative service
criterion (∼66% strength loss) compared to the more conservative alternative.
Notably, the degree of corrosion projected to result in brittle behavior onset was reached
earlier in the corrosion process than even the most conservative insufficient strength condition, detailed in Table 5.9. While based on highly preliminary and limited information,
this finding merits attention for possible implications in practice, given that building and
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structural codes specify minimum reinforcement ductility requirements. From a practical
standpoint, the most conservative IS condition appears to be too moderate. Therefore, attention is directed to the least conservative value of XmechIS . Consequently, in the following
section, the onset of brittle behavior will be assumed as the first mechanical manifestation
of corrosion damage, with the less conservative insufficient strength condition being adopted
and becoming the prevalent choice when the corrosion penetration reaches the IS condition.
Table 5.9: Summary of Xmech results for No. 5 bars under scenarios listed.
Xmech
Insufficient strength cases
Onset of brittle behavior cases
∼21% reduction ∼66% reduction
mm
µm
µm
430
1700
350

5.1.6 Discussion on Preliminary Sound Concrete Limit State
The critical radius loss responsible for causing cracking of the concrete and/or mechanical
failure is analyzed in this section. The models and optical procedure used to estimate XCRIT ,
described in Section 3.3.3, were used to create preliminary predictions. The XCRIT estimates
were compared with the XmechIS and XmechOB to create a preliminary limit state forecast for
a given structural member. This indicates that for XCRIT larger than the Xmech estimations,
deterioration of mechanical properties of the steel reinforcement would occur prior to showing
signs of cracking or spalling of the concrete. This can be expressed as
1. XCRIT < Xlim → Cracking or spalling of the concrete
2. XCRIT ≥ XmechOB → Onset of steel reinforcement brittle behavior
3. XCRIT ≥ XmechIS → Insufficient strength per the least conservative case.
where cases (1), (2) and (3) are shaded in green, yellow, and orange, respectively. The
results summarized in Table 5.9 served as a first approach to limit state predictions of SS
reinforcement.
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Various anode lengths and concrete cover values were used to simulate different scenarios
representative of stainless steel in practice. The models proposed by Torres-Acosta and
Sagüés, and Busba are expressed in Equation 12. These two models assume uniform corrosion
across the length of the anode. A third model proposed by Darwin was used in which a more
localized type of corrosion was considered through the inclusion of the terms Af and Lf . It
is described by Equation 17. Based on the findings by Van Niejenhuis et al. [41], Presuel et
al. [4] and the present investigation, it was assumed that only half of the circumference was
corroding.
1-inch, 2-inch and 3-inch covers were used to estimate XCRIT as a function of the length of
the anode shown in Table 5.10, Table 5.11 and Table 5.12, respectively. These tables present
three shaded regions. The green shaded region represents the anode lengths where cracking of
the concrete would be expected as the limit state (i). The yellow region represents the anode
lengths, where mechanical degradation due to the onset of brittle behavior would be expected
(ii), whereas the orange shaded region represents the anode lengths where mechanical failure
of the bar due to insufficient strength would be expected (iii). Typical anode lengths for
stainless steel were detailed in Section 4.1.1 and ranged between ∼20 mm and ∼50 mm.
Table 5.10: XCRIT estimations with varying anode lengths for 1-inch cover based on
empirical models.
Lanode
mm
50
40
30
20
10
7.5
5
2.5
2
1.5

Xcrit Xcrit
µm
µm
40
33
47
37
61
44
92
60
223 115
342 158
657 257
2212 631
3333 855
5712 1273

Lf
0.139
0.111
0.083
0.056
0.028
0.021
0.014
0.007
0.006
0.004

Af
Xcrit
µm
0.069 37
0.056 43
0.042 51
0.028 65
0.014 102
0.010 124
0.007 163
0.003 262
0.003 305
0.002 372
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Table 5.11: XCRIT estimations with varying anode lengths for 2-inch cover based on
empirical models.
Lanode
mm
50
40
30
20
10
7.5
5
2.5

Xcrit
Xcrit
µm
µm
144
100
183
120
258
154
445
231
1313
514
2146
739
4424
1262
>radius 3289

Lf
Af
Xcrit
µm
0.139 0.069 134
0.111 0.056 155
0.083 0.042 187
0.056 0.028 246
0.028 0.014 396
0.021 0.010 483
0.014 0.007 640
0.007 0.003 1036

Similarly, Table 5.12 shows that cracking of the concrete would be the anticipated limit
state for corroding lengths that exceed 50 mm. Although onset of brittleness would be
expected as the dominant mode for corroding lengths ranging between 50 and 20 mm, it
is unknown whether concrete cracking or mechanical failure would be the governing limit
state. Results indicate that the range of corroding length values wherein the limit state is
uncertainly increased. This is also expected for larger concrete cover values.
It is worth restating that the limit states proposed in this section for all scenarios are
based on simplified models to estimate the critical loss of radius to cause either cracking
of the concrete or mechanical failure. The models mentioned in Section 3.3.3 had been
proposed based on information relevant for plain carbon steel reinforcement. Thus, further
investigation is necessary to validate the applicability of the models in SS.
The preliminary values proposed for the expected limit states are subject to change based
on additional experimental evidence. In addition, the validity of the assumption of uniform
corrosion around the steel circumference should be examined carefully, given that experimental results suggest that this simplification may be inadequate for SS. Furthermore, the
relationship between the decrease in yield strength and corrosion degree should be evaluated
due to the scarcity of experimental data available for SS specimens.
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Table 5.12: XCRIT estimations with varying anode lengths for 3-inch cover based on
empirical models.
Lanode
mm
50
40
30
20
10
7.5
5
2.5

5.2

Xcrit
XCRIT
µm
µm
339
210
450
258
668
346
1233
545
3959
1292
6636
1893
>radius
3298
>radius >radius

Lf
0.139
0.111
0.083
0.056
0.028
0.021
0.014
0.007

Af
XCRIT
µm
0.069
288
0.056
336
0.042
411
0.028
544
0.014
882
0.010 1078
0.007 1431
0.003 2323

Locally-deficient Concrete
Corrosion in locally-deficient concrete, whether it be a structural crack, completely ex-

posed rebar, or poor patch repair resulting in a locally porous region, can influence the
service life. Studies of corrosion of carbon steel in cracked concrete have provided information on the controlling variables regarding corrosion propagation. Corrosion is known to
usually initiate at the base of a transverse crack that intersects the reinforcing steel and
propagate laterally along the surface of the steel until a suitable macrocell forms limiting
further lateral propagation. In predicting the corrosion damage evolution at locally deficient
concrete regions, the parameters of interest include the length and perimeter length of the
rebar that acts as the anode, the macrocell corrosion rates, and the fate of the corrosion
products.
The specimens described in Section 3.4 were analyzed to determine the effect of the
condition of the concrete in limit state formulations. The exposure condition of the specimens
followed a modified procedure of ASTM A955, further detailed in Section 3.4.3. Preliminary
half-cell potential and macrocell current density measurements were obtained as a function
of time for each steel reinforcing material, shown in Figures 5.7a and 5.7b, respectively.
Moreover, preliminary EIS measurements were performed. The results show that corrosion
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in the carbon steel specimens initiated after approximately 60 days, while the stainless steel
specimens likely have remained passive.
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Figure 5.7: Experimental results of specimens with concrete deficiencies as a function of
time.
While the results to date suggest that corrosion of the stainless steel has not yet initiated,
the expected limit state for locally deficient concrete may be deduced from literature evidence
of the corrosion damage morphology in cracked concrete, and expected corrosion rates based
on macrocell current simulations.

5.2.1 Corrosion Morphology
In flexural cracks that are transverse to the steel, the stress distribution around the
reinforcement results in slight bond failure and secondary cracks between the steel and
the concrete in the vicinity of the crack. Wu et al. [89] suggested that this region is what
determines the size of the corroding region and is proportional to the width of the crack. The
damaged length as a function of crack width is shown in Figure 5.8, where a linear relationship
is provided based on a fit to experimental data. This provides a means to estimate the anode
length at locally deficient concrete. However, the experiment conducted by Wu et al. [89]
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Figure 5.8: Anode length as a function of crack width. The line represents the empirical
Equation 22 (28) developed for CS. The points represent experimental results of SS taken
from Niejenhuis [41].
only included plain carbon steel and verification is required on its applicability to stainless
steel reinforcement.
Lanode = 340wcrack

(22)

The existing literature on corrosion of stainless steel in cracked concrete is minimal, but
there are some results that describe the size of the corroding anode. Presuel [4] showed
an anode length of 8cm on 3Cr12 steel under a 1.5-mm crack. Van Niejenhuis et al. [41]
reported extensively on the corrosion morphology within cracked concrete and their results
are appended to the empirical model used to calculate the length of the anode for carbon steel
shown in Figure 5.8. While the results have substantial scatter, generally the anode length is
similar or less than those expected for carbon steel. However, and more interestingly, while
the corrosion of carbon steel usually occupies the entire circumference of the reinforcement,
stainless steel has been reported to only result in corrosion of a portion of the circumference of
the reinforcement. According to Van Niejenhuis et al. [41], only one third of the circumference
corrodes while similar results were reported by Presuel [4]. This difference in corrosion
morphology may have a substantial influence on the limit state.
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5.2.2 Corrosion Rates
The corrosion rate of steel in concrete is often dependent on the rate of the cathodic
reaction occurring on the steel surface surrounding corroding regions. The cathodic reaction
is most often oxygen reduction and therefore, the rate depends on the concentration of
oxygen in the concrete and its diffusivity. The cathodic kinetics of stainless steel in solution
simulating the concrete pore water have been studied by Cui and Sagüés [103] for both pickled
and sandblasted surfaces. Values of the Tafel constant and cathodic exchange current density
were reported as 110 mV/dec and 5.8x10-7 µA/cm2 ), respectively. Comparing this to typical
values of CS reinforcement (190 mV/dec, 6.4x10-4 A/cm2 ), it is clear that oxygen reduction
is much slower on passive stainless steel than it is on CS.
A finite element model was developed to calculate the expected macrocell current in
cracked concrete considering the differences in corrosion morphology and cathodic kinetics
between carbon steel and stainless steel. A reinforced concrete beam with one longitudinal
steel bar with one surface exposed to the atmosphere with a ∼three-inch concrete cover was
considered. The length of the anode was set to 68 mm corresponding with a crack width
of 0.2 mm. For the carbon steel calculation, the entire circumference of the steel was set as
the anode, while only half of it was set as the anode for stainless steel. It was assumed that
anodic kinetics were the same for carbon and stainless steel.
The macrocell corrosion rates for CS and SS are shown in Figure 5.10. As expected, and
likely due to the greater cathodic efficiency of CS, the macrocell corrosion rates for SS are
much lower. The significance of this is that the corrosion products potentially have much
more time to diffuse away from the concrete and steel interface and therefore alleviate the
stresses that may build up and cause further concrete cover damage.

5.2.3 Discussion on Locally-deficient Concrete Limit State
Similar to the methodology presented for sound concrete, the limit state for locallydeficient concrete will depend on the criteria presented in Sections 4.1.4, and 4.1.6. The
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Figure 5.9: Finite element model geometry showing locally corroding anode of length 688
mm corresponding to a crack width of 0.2 mm.

(a) Carbon steel

(b) Stainless steel

Figure 5.10: Macrocell corrosion rates as a function of time in locally-deficient concrete.
same limits will be used for mechanical failure modes, but an estimate of the corrosion
required for additional concrete damage is required. Currently, there does not seem to be a
model that can be used to assess this value for locally damaged or cracked concrete. For that
reason, a simple model has been developed to try to formulate reasonable estimates based
on the corrosion morphology, and the degree of preexisting concrete damage.
The model takes in as an input a preexisting damage volume which describes the space
available for corrosion products to occupy prior to inducing stress to the concrete cover. It
has been shown that corrosion induced stresses may develop prior to filing up the adjacent
pore space. However, since the model does not account for corrosion product washout, a
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critical fill fraction is not used. It is assumed that once the damage volume has been filled,
the amount of corrosion required to cause further damage is the value for sound concrete.
Therefore, the critical damage amount for a concrete damage limit state in cracked concrete
may be expressed as

XCRIT,crack =

VPD
+ XCRIT,sound
Fex Acorr

(23)

where VPD represents the preexisting damage volume, Fex represents the volume expansion
factor of the corrosion products, and Acorr represents the surface area of steel corrosion.
As an example, the corrosion required for further concrete damage was calculated for
a preexisting damage volume of 0.5 cm3 corresponding to 0.2 mm gradient thick space
surrounding the rebar in concrete with a 0.2 mm wide crack. The volume expansion factor
was assumed to be 3 for both CS and SS. The corroding area for CS was 25.6 cm3 and
12.8 cm3 for SS. The XCRIT for sound concrete was calculated as 317 µm. According to
Equation 23 and the values presented here, the corrosion required to cause further concrete
damage is 1.2 XCRIT,sound for CS and 1.4 XCRIT,sound for SS. Based on these results, and
those of macrocell corrosion rate models, it is more likely that corrosion of SS rebars in
locally deficient concrete will result in some form of mechanical failure-acting as the expected
limit state-than it is for CS. The current analysis would not be able to provide a confident
conclusion as to the appropriate limit state of SS in locally deficient concrete without more
experimental evidence. However, the formulation presented may be used as an initial model
to describe the corrosion required for additional corrosion induced concrete damage in locally
deficient concrete. The model may be modified to account for corrosion product washout
and the rate of corrosion product diffusion.
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6. Feasibility of Corrosion Detection Techniques

The present chapter includes a set of experiments and computational simulations to
assess the reliability of traditional NDTs used to detect corrosion in stainless steel. Two
sets of specimens, simulated concrete beams and mortar cylinders, reinforced with stainless
and plain carbon steel, are used to monitor and compare traditional corrosion detection
methods. Given the increased chloride threshold of stainless steel [4], chlorides were admixed
to the concrete in the mid-region of the simulated beams and the mortar of the cylindrical
specimens. A finite element model (FEM) is developed to analyze the detection limits of
HCP and EIS technique considering different scenarios including several lengths of the anode
and concrete cover, in addition to different corrosion morphology conditions. This analysis
is expected to provide valuable information regarding existing NDTs specifications as well
as recommendations to improve the reliability of these techniques to monitor the onset and
intensity of corrosion in stainless steel reinforcement.
6.1

Laboratory Exposure
Two sets of specimens were prepared, further described in Section 3.1 and 3.2. The

measurements obtained for the beam specimens were a continuation of a preliminary research
conducted by Saire [2].
Figure 6.1a shows HCP values as a function of location for three CS specimens at the age
of ∼200 days. A significant drop in the HCP is evidenced in the region with admixed chlorides
(lower bound values of ∼-600 mV vs. SCE). Figure 6.1b (b) shows the potential results of the
three beams reinforced with SS at the age of 500 days. While SS01 and SS03 show similar
potential values, SS02 shows a significant drop (reaching values of ∼-450 mV vs. SCE)
when compared to the other SS specimens. All three SS specimens show a similar pattern
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throughout the length of the specimen with a very small variation in the HCP results where
the macrocell action is barely evidenced. The half-cell potential distribution throughout the
length of the plain steel specimens exhibits a very different behavior suggesting that the
macrocell activity may be greater when compared to that of SS reinforcement.

Carbon steel, 200 days

Stainless steel, 500 days

(a) Carbon steel at 200 days

(b) Stainless steel at 500 days (after ∼250 days
of aggressive ponding and ∼120 days of heating)

Figure 6.1: HCP results of specimens as a function of location in representative beam
specimens.
The potential variation in the chloride-contaminated and chloride-free regions are shown
in Figure 6.2a and Figure 6.2b over time for carbon steel and stainless steel reinforcement,
respectively. These results are compared with the values obtained for the cylinders with
the same type of steel reinforcement. In the case of carbon steel, all specimens presented
potentials within the range of high corrosion risk, as shown in Figure 6.2a. HCP results
obtained for the three CS specimens within the first ∼300 days of age are depicted with
their respective averages and standard deviations, in the same figure stated above.
After the specimens reached an age of ∼300 days, cracking of the concrete was observed in
two of the specimens, for which they were terminated. Hence, measurements were obtained
for only one CS specimen beyond this age.
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A significant potential difference between the chloride-contaminated and chloride-free
region was initially observed. However, this difference seemed to decrease over time. The
HCP results at the end location of the beam (without admixed chlorides) became more
positive until a relatively stable potential was reached within the low and uncertain risk of
corrosion region. Contrarily, the mid-point of the CS beams has shown potentials within the
high risk of corrosion region for most of the exposure period. The cylinders were found to
exhibit less negative potential values than those of the beams, shown in Figure 6.2a. This
could be attributed to the minimization of macrocell action in the cylinders.
In the case of stainless steel, the potential difference between the chloride-contaminated
and chloride-free region was considerably small during the first 50 days, after which the
magnitude of the potential difference then increased to ∼200 mV as shown in Figure 6.2b
(b). This difference started to decrease at the age of ∼400 days after which values from both
regions decreased, showing lower bounds of ∼-425 mV. This value is still more positive than
the lower bound of active CS beams. The cylindrical specimens exhibited a potential drop
at an approximate age of 100 days, wherein the lower bound of potential values was about
-550 mV while approaching a steady state of ∼-450 mV. In contrast, Figure 6.2b (b) reveals
that only one of the SS beams has shown a significant drop in HCP in which values more
negative than -400 mV (high risk of corrosion per ASTM C876 specifications) were reached
at the age of ∼500 days. This could suggest that the potential values of the SS beams are
more so indicative of microcell action.
Estimates of the corresponding corrosion rates were previously reported in Section 4.1.3.
As stated earlier, EIS measurements may yield significantly underestimated values of corrosion rates when measured on large specimens without a current confinement method.
The relationship between the corrosion current density and potential measurements is
shown in Figure 6.3. Figure 6.3a illustrates this relationship for cylindrical specimens reinforced with CS and SS. It can be observed that CS specimens have presented HCP values
less than ∼-300 mV throughout the duration of the experiment. Moreover, higher corrosion
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Figure 6.2: HCP results of specimens as a function of time. Reinforced cylinders, and two
locations (i.e. end and center) of representative beams were considered.
current densities have been observed in CS specimens. On the other hand, SS specimens
have presented a wider range of potentials over time. The data acquired for SS cylinders
present a clear trend in which the potential shows a logarithmic relation to the current density. Thus, as the potentials become more negative, the corrosion rates seem to increase
exponentially, likely indicative of cathodic control. This trend is not observed for the cylinders reinforced with CS, probably due to the lack of data at more positive potentials. It is
also important to note that highly negative potentials observed in the cylinders reinforced
with SS may reflect less severe corrosion than those reinforced with CS. Hence, modification
of HCP standards such as the ASTM C876-for use with SS reinforcement-may be required
to account for less corrosion activity at similar potentials to that of CS. These results require
further confirmation from future autopsy of the specimens, as well as model simulations.
Figure 6.3b (b) shows the corrosion current density and potential measurements of the
beams. The results are shown until the CS and SS beams reached an age of ∼200 days and
∼560 days, respectively. Results of the CS beams show a similar trend to that of the CS
cylinders, shown HCP results ranging between ∼-200 mV and ∼-600mV. In comparison, it
took about 465 days for one of the SS beams to reach a steady value at the high corrosion
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risk region as shown in Figure 6.1b (b). The potential drop in the SS specimen could be
indicative of localized corrosion; nonetheless, it may not be shown due to the sensitivity of
the method.
Figure 6.3b (b) shows that the relationship between the potential and current density is
not as evident when compared to the cylinders. Thus, it is not clear whether this specimen is
under cathodic control or not. In theory, the corrosion current density of the beams should
be greater than that of the cylinders due to the possible influence of macrocell action; thus,
the corrosion rates of the beams should present greater values as well. Nevertheless, there is
uncertainty in the calculation of the corrosion rates associated with the analysis of the EIS
response, which could be causing unusual results. Figure 6.3a and Figure 6.3b present an
indication of the possibly lesser uncertainty of the measurements obtained on the cylinders
when compared to that of the beams. It is expected that the added action of the macrocell
and microcell of the beams should be more than the microcell corrosion occurring in the
cylinders. In practice, however, the corrosion current densities estimated for beam SS02
are still considerably lesser than those of the cylinders reinforced with SS, which may be
due to the lack of current confinement in the measurement resulting in a surface averaged
impedance that may include a significant portion of passive regions.
Overall, the experimental results suggest that there may be added uncertainty in corrosion
detection using HCP and EIS when SS reinforcement is used. The HCP values obtained for
the CS beam specimens within the chloride-contaminated region were slightly more negative
to the values of the chloride-contaminated cylinders, likely indicative of the added macrocell
action in the beams. The corresponding corrosion rates estimated by EIS measurements
suggested active corrosion as determined by the RILEM [40] designations and therefore
agree with the ASTM C876 HCP designations of high corrosion risk. Conversely, when
the HCP values for the SS beams dropped to values assumed to be indicative of a high
risk of corrosion, the associated corrosion rates estimated from the EIS measurements were
within the negligible corrosion range. However, when the HCP of the SS reinforced cylinders
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Figure 6.3: Potential as a function of corrosion current density.
indicated a high risk of corrosion, the associated corrosion rates indicated active corrosion.
While the results presented here cannot be used to suggest quantifiable changes to the
existing standards without further testing and specimen autopsy, they do indicate that a
change is required. The next section present finite element model simulation of HCP and
EIS to uncover the influence of cathodic kinetics and corrosion morphology on corrosion
detection.

6.2

Computational Simulations
Two sets of finite element models were developed to simulate the HCP and impedance

measurements in an attempt to assess the sensitivity of each method when considering highly
localized corrosion detection, and to develop a more reliable estimation of the corrosion rate.
A location in the midpoint on the top surface of the specimen was selected to take HCP and
EIS measurements in the FEM simulations.
The mesh used in the model is comprised of free tetrahedral elements that diminish
in size at the electrode boundaries. This was done to account for the large variation in
potential in this region (i.e., near the intersections between active and passive regions of the
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steel reinforcement). An illustration of the model geometry for the HCP and EIS model
are shown in Figure 6.4a and Figure 6.4b, respectively. Laplace’s equation was solved using
a three-dimensional finite element simulation software, COMSOL Multiphysics 5.3. The
parameters used in the HCP and EIS simulations are presented in Table 6.1. The values
used in these models were abstracted from previous investigations in which stainless steel
and plain carbon steel were compared [103, 104].
Table 6.1: Finite element model parameters - HCP and EIS.
Model Parameters

βa
βc
E0a
E0c
i0a
i0c
iL
DO2
C0

HCP
Stainless steel
Plain
60
mV/dec
60
-110
mV/dec
-160
780
mV
780
-160
mV
-160
1.80x10-4 A.cm-2 1.80x10-4
5.80x10-9 A.cm-2
6.0x10-6
1.16x10-4 A.cm-2 1.16x10-4
1.0x10-9
m2 .s-1
-3
0.3
mol.m
0.3

(a) HCP

EIS
steel
mV/dec Rp
mV/dec Rpc
mV
C
mV
v̄
-2
A.cm
freq

3012.2
6.024
0.1
10
100 kHz to

Ω.cm2
Ω.cm2
F.m-2
mV
1 mHz

A.cm-2
mol.m-3

(b) EIS

Figure 6.4: Schematic illustration of finite element model simulations.
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6.2.1 Half-cell Potential
A three-dimensional beam section was modeled with one steel reinforcement bar. The
steel rebar located along the longitudinal axis of the section with a cover of 5.08 cm and a
1.27 cm (0.5 in) diameter. The length, width and height of the beam model was 120 cm, 12
cm, and 20 cm, respectively. Given the symmetry of the specimen, the finite element model
considered a quarter of the element (H=20 cm, W=6 cm and L=60 cm), shown in Figure
6.4a. The concrete was modeled as a homogeneous material with an electrical conductivity
of 0.008 S.m-1 . Active and passive regions were designated by including a variable for the
length of the anode. The influence of the corrosion morphology was also considered by
limiting the actively corroding region of the steel to half and a quarter of the circumference
throughout a given length of the anode.
The computational model was set to solve for two main equations for the potential
throughout the electrolyte and the concentration distribution of oxygen, provided a set of
boundary conditions. The potential distribution throughout the electrolyte was governed by
Laplace’s equation (see Equation 7 in Section 2.1.5).
Two current densities were designated for the anodic and cathodic regions of the steel,
ia , expressed as


V − E0a
ia = i0a exp 2.303
βa


,

(24)

where i0a is the anodic exchange current density (A/m2 ), E0a is the anodic equilibrium
potential (V) and β a is the anodic Tafel slope (V).
Similarly, ic may be expressed as


CO2
E0c − V
ic = −i0c
exp 2.303
,
CO
βc

(25)

102

where i0c is the cathodic exchange current density (A/m2 ), CO2 is the concentration at the
rebar surface, CO is the concentration of oxygen at the concrete surface (i.e., in direct contact
with air), E0c is the cathodic equilibrium potential and β c is the cathodic Tafel slope (V/dec).
The values of the parameters in this equation for stainless steel and plain carbon steel were
based on a previous investigation performed by Cui and Sagüés, and Xu et. al., respectively
[103, 104]. The parameters are summarized in Table 6.1.
Equation 2 was solved by considering the boundary conditions expressed in Equation 26
and 27 wherein the current density at the corroding region due to the macrocell action may
be expressed as

ia + ic

(26)

and the current density at the passive region was set according to Equation 25. In this way,
the macrocell current and the microcell corrosion current may be evaluated.
The concentration distribution of oxygen was governed by

52 CO2 = 0.

(27)

At the metal surface, the flux of oxygen was estimated as

NO2 =

−ic
4F

(28)

Assuming aerated conditions, the oxygen concentration was given a value of CO2 =0.3
mol.m-3 at the exposed surface above the reinforcement. This parameter was expressed as
an effective value, equivalent to that of water in local equilibrium with concrete.

6.2.2 Electrochemical Impedance Spectroscopy
A three-dimensional, 178 cm (∼5 ft 10 in) long beam section was modeled with one steel
reinforcement bar simulating the geometry of the experimental beams. The width and height
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of the section was 15 cm (∼6 in) and 20 cm (∼8 in), respectively. An electrical conductivity
value of ∼0.016 S.m-1 was assigned based on experimental results obtained from the region
without admixed chlorides of the beams. The steel rebar located along the longitudinal
axis of the section presented a 3.22 cm-diameter (1.27 in). Active and passive regions were
designated by including a variable for the length of the anode ranging between 1 cm and 100
cm with a logarithmic variation of three steps per decade. The influence of the corrosion
morphology was also considered by limiting the actively corroding region of the steel to half
and a quarter of the circumference throughout a given length of the anode. In addition,
to account for the effect of the concrete cover, simulations were performed for a range of
concrete cover values ranging between 2.5 cm (1 in) and 12.5 cm (5 in).
The potential distribution throughout the electrolyte was governed by Laplace’s equation
for the oscillating potential,

52 φ̃ = 0,

(29)

For EIS simulations, the steel surface boundary conditions were set as an alternating
current expressed as
1
(Ṽ − φ˜0 )
ĩ = jωC(Ṽ − φ˜0 ) +
Rp

(30)

where ĩ is the oscillating current density per unit area (A.cm-2 ), j represents the imaginary
portion of the equation, ω is the angular frequency (s-1 ), Rp is the polarization impedance
(Ω), Ṽ is the amplitude of the potential perturbation and φ˜0 within the simulated concrete
adjacent to the surface of the boundary. A counter-electrode, modeled as a rectangular
region placed on the top surface, was set as the ground electrode. A circular region cutout
at the center of the counter-electrode represented the reference electrode.
Two normal current densities were used to represent the passive and the corroding regions of steel, thus, two variations of Equation 30 were proposed (i.e. one for each region).
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Based on experimental results of the cylindrical specimens, the passive and active regions
were expected to present corrosion rates of 5 µm.yr-1 and 0.01 µm.yr-1 , respectively. The
corrosion rates were used to estimate the Rp value of each region assuming that the interfacial capacitance was the same. The impedance was calculated as the potential Ṽ divided
by the current at the counter-electrode boundary for frequencies ranging from 100 kHz to
10 mHz taking the potential at the CE as zero. The steel reinforcement is expressed as a
cylinder placed along the longitudinal axis of the beam. The impedance data obtained from
this simulation was analyzed in the same manner as the experimental results obtained for
the beams and cylindrical specimens, allowing the comparison between corrosion rates from
experimental data and computational simulations.

6.2.3 Simulation Results
The effect of corrosion morphology of SS on the reliability of the HCP and EIS was
evaluated. Three values of the length of the anode were selected to represent different degrees
of localized corrosion (anode to cathode ratios ranging from ∼0.01 to ∼1). In addition, three
different scenarios of corrosion extent around the circumference were considered in which the
steel would corrode uniformly or partially throughout the length of the anode. To account
for this, a parameter Θanode was introduced to represent the portion of the circumference
in the anodic region subjected to corrosion. Three scenarios in which corrosion around the
full, half or a quarter of the circumference (i.e. Θanode =2π, Θanode =π and Θanode =π /2),
was considered. The corroding region was preferentially placed facing the exposed concrete
surface, which is in agreement with the characteristic corrosion morphology of SS abstracted
from the literature [41, 62].
To further comprehend the HCP experimental results and assess the detection limits of
the technique for SS reinforcement, a model simulation was developed using the dimensions
shown in Figure 4.2. The HCP simulation results and sensitivity of the technique were plotted
as functions of the anode to cathode ratio in Figure 6.5a and Figure 6.5b, respectively. Figure
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6.5a illustrates the expected HCP values for varying anode to cathode ratios for different
fractions of the circumference corrosion. In the case of SS, the highest expected degree of
localized corrosion was selected for this analysis with a corroding surface of a quarter of the
perimeter of the circumference (i.e. Θanode =π /2) while the full circumference was assumed
to be corroding in the case of CS (i.e. Θanode =2π). Both types of steel show an increase in
the HCP for smaller anode to cathode ratios. Nevertheless, the difference between the HCP
of SS and CS becomes more marked as the anode to cathode ratio increases.
The sensitivity of the HCP method for SS and CS reinforcement was evaluated for different anode diameters and fraction of the circumference values as shown in Figure 6.5b. The
sensitivity was calculated as the percent difference between the potential calculated directly
above the center of the anode and the potential at the end of the beam above the cathodic
region of the steel surface. Differentiated patterns between SS and CS are observed which
could be attributed to the difference in the cathodic kinetics between the two types of steel
reinforcement wherein the cathodic exchange current density is expected to be smaller than
that of CS [105]. The sensitivity of the HCP technique in CS shows an approximately linear
relationship in which it decreases as the anode to cathode ratio increases. Nevertheless,
the sensitivity of SS for very small anode to cathode ratios is about half of that of CS. An
increase is later observed until an anode to cathode ratio of 0.1 is reached and then decreases
as the anode to cathode ratio continues to increase. Only as this ratio approaches a value
of 0.5, the SS and CS sensitivities seem to be comparable where small sensitivity values are
observed. It is also important to note that the sensitivity of SS is lesser than that of CS for
all anode to cathode ratios.
Subsequently, several iterations were performed using the EIS finite element model for
the selected anode lengths and surface area ratios previously mentioned. The sensitivity of
the EIS technique was evaluated based on the input corrosion rate at the anode (5 µm.yr-1 )
of the Finite Element Model. Figure 6.6 illustrates the ratio of the simulation and the
actual corrosion rates as a function of different anode to cathode ratios for Θanode =2π,
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Figure 6.5: Finite element model results for SS and CS with varying corrosion
morphologies as a function of the anode to cathode ratio.
Θanode =π and Θanode =π/2. The points below the region gray-shaded region indicate that
the estimated corrosion rate for a given anode to cathode ratio is lesser than the real value
(i.e. underestimation of corrosion rates). Similarly, the points above the region shaded in
gray are indicative of greater corrosion rate estimates than the real value (i.e. overestimation
of corrosion rates). It is important to note that Figure 6.6 shows the corrosion rate values
estimated from the simulations considering the polarization resistance associated with the
entire EIS spectra and not the one associated with the time constant shown at the high
frequency portion of the graph. Hence, these results suggest that EIS results should be
carefully analyzed since the underestimation of corrosion rates is highly critical, not only
because it casts doubt on the reliability of the technique at identifying localized corrosion
spots but also due to the great variation of about one order of magnitude when compared to
the input value. Similarly, overestimation of corrosion rates often leads to overly conservative
service life estimations and inefficient allocation of resources in the design and construction
of structures.
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Figure 6.6: Corrosion rate ratio as a function of anode-to-cathode length. Obtained from
analysis of the simulated impedance and the input corrosion rate as a function of anode to
cathode length ratio with anode circumference as a parameter.

6.3

Summary
Based on the experimental results of traditional NDTs, HCP and EIS, finite element

models were proposed to assess the sensitivity for each. Furthermore, the applicability of
existing technical standards on stainless steel reinforcement was also analyzed. In this study,
the effect of parameters such as corrosion morphology, cathodic kinetics and geometric properties of the structural element was considered. From the experimental and computational
results obtained in this study, the following conclusions can be drawn:
• Half-cell potential measurements and simulations indicate that the corrosion morphology and cathodic kinetics of stainless steel reinforcement may cause a reduction in
sensitivity.
• Existing standards should be updated to provide half-cell potential ranges that could
correlate more appropriately to the probability of corrosion of stainless steel reinforcement.
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• Electrochemical impedance spectroscopy measurements on reinforced concrete without
a current confinement method may greatly under-predict corrosion rates if the corrosion
is highly localized.
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7. Service Life Forecast

A preliminary forecasting model of SS service life deterioration of submarine structures
was proposed. The model, based on a previous investigation [106], was developed in the
form of a damage function calculation of representative structural elements in marine environments. The fraction of elements projected to reach a specified limit state was estimated
as a function of bridge age.
Results obtained using this model are expected to provide valuable insight for criteria to
evaluate repair or rehabilitation costs as a function of the design cost variables of interest.
Those variables of interest included type of steel, concrete cover thickness (Xc ), concrete class,
structural element type, geometric parameters, and exposure conditions. The statistical
formulations and other features were based on prior FDOT sponsored work at the University
of South Florida (USF) [57]. Reference to the final report for that modeling project is made
subsequently in this chapter under the abbreviation FRM [106].
The model assumes the two-stage corrosion deterioration model as introduced in Section
2.1.2 [63]. The duration of the CIS (ti ) is calculated assuming simple Fickian diffusion.
Experimental results have suggested that this provides a good approximation for structural
elements without preexisting cracks [107]. In earlier efforts, the duration of the CPS (tp )
was assumed to be a fixed value given that for elements reinforced with plain steel this
stage is considered to be relatively short. As discussed in length in this investigation, the
inherent corrosion resistance of SS reinforced concrete indicates that the tp for SS might be
substantially greater than that of plain CS. Therefore, tp was allowed to vary here considering
the expected limit state and corrosion rates for each type of steel. The methodology used
to obtain the limit state is further described in Section 4.1.6 of the present investigation.
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Furthermore, expected corrosion rates were provisionally estimated from ongoing laboratory
experiments and available literature.
7.1

Model Parameters
The input parameters evaluated in this investigation are chosen to approximate the spec-

ifications contained in the FDOT Structure Design Guidelines (SDG) [108]. Only the substructure of the bridge was evaluated since it is the region of greatest corrosion risk in marine
environments. Furthermore, commonly encountered structural elements, structural configuration, construction materials and exposure conditions were considered. A damage function
was then obtained for a 200-year period for the overall structure, as well as each type of
structural element. Each set of parameters are described as follows:

7.1.1 Structural Properties
The present investigation considered structural properties such as the type of component,
dimensions, type, and size of rebar, as well as steel clear cover. Three types of structural
components were considered: square piles, rectangular footings, and round columns. Additionally, the clear cover was first selected in accordance with FDOT SDG [108] environmental
classification of service environment and then compared to user-selected values to evaluate
the effect of variation from suggested values for every type of steel reinforcement. Concrete
cover variability was assumed to follow a truncated normal distribution, with a coefficient
of variation of 0.125, which was conservatively deemed to be representative of as-built construction.
It is important to note that depending on the type and size of the component, a portion
of its surface could be subjected to a designated chloride penetration regime: flat wall, 2way corner, 3-way corner and round [106]. The overall characteristics and surface fraction
subjected to each regime per type of element are further described in the FRM [106].
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7.1.1.1

Exposure Conditions

Two possible exposure conditions were proposed for every type of structural component:
in water (IW) and in soil (IS). Furthermore, four subcategories were proposed for the elements
subjected to the first condition and two subcategories for the second one. The possible
categories and subcategories for each type of element are summarized in Table 7.1.
Table 7.1: Exposure conditions for structural components. Categories and subcategories
listed.
Category
Subcategory

In Water (IW)
Atmospheric (A)
Atmospheric (A)
Splash-Evaporation (SE)
Tidal (T)
Submerged (S)

In Soil (IS)
Atmospheric (A)
Atmospheric (A)
Buried (B)

The elevation range of each component type was selected to approximate those on typical
marine bridges in the state of Florida. The portion of each element at corrosion risk was
then estimated by considering the exposure conditions categories and subcategories listed
above. Following For IW elements, the sub-exposure portions of the total elevation range
were assigned, in the manner of the FRM [106], as 1/8, 1/8, 3/8 and 3/8 for S, T, SE and
A, respectively. Additionally, the cross-section of the piles and columns was assumed to be
uniform and exposed laterally throughout their full length. Footings were assumed to be
exposed to three out of the four sub-exposure conditions (S, T and SE) laterally and only to
one (SE) on the top surface. For elements IS, the sub-exposure portions of the total elevation
range were assigned as 1/2 for each condition.

7.1.1.2

Environmental Classifications

Three environmental classifications per FDOT SDG [108] specifications were considered
for all structural components: slightly, moderately and extremely aggressive. It is important
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to note that, for marine structures only, moderately and extremely aggressive exposure
conditions were considered in this chapter.

7.1.1.3

Surface Conditions

The exposure and sub-exposure conditions listed in Section 6.1.1.1 were associated with
a given value of chloride ion surface concentration CS as described in Table 7.2. These
preliminary CS values, obtained from research project reports and available literature, are
provided as a reference to consider the subsiding buildup of chlorides as elevation increases for
evaporative regimes as well as the concentration of chlorides for submerged conditions. The
CS parameter was assumed to be represented by a normal distribution per the probabilistic
model realizations in the FRM [106]. The mean, coefficient of variance, upper and lower
limit are listed in Table 7.2.

7.1.2 Concrete Properties
In this investigation, concrete class IV is selected for moderately aggressive scenarios and
class V with pozzolanic replacement was selected for extremely aggressive environments.
For simplicity, the concrete class selected is associated with a time and space invariant value
of chloride diffusion coefficient (D) based on reference values presented in the FRM [106].
These baseline values for D are summarized in Table 7.2. For higher concrete class types,
such as the one selected for piles under extremely aggressive exposure, D was estimated using
the relationship developed under a previous FDOT project [109] in which the percentage of
cementitious material replacement, cementitious factor and water to cementitious material
ratio are considered.
In the FRM [106] as in here, subsequent to the estimation of a base D values, multiple
corrections were performed to account for rebar obstruction and geometric regime effects
(2-way corner, 3-way corner and round). First, a correction to account for the obstruction
presented by the rebar is performed based on the ratio of rebar diameter to concrete cover.
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A multiplier (1/Tf ), abstracted from previous FDOT investigations, is assigned [20, 48].
Subsequently, a multiplying factor was adopted to correct for geometric regime effects. The
latter was abstracted from a prior FDOT project. For round columns, this factor was
suggested as a function of the ratio CT /CS and the ratio of the radius r of the column to
concrete cover XC,obs corrected for the rebar obstruction effect. For square piles and footings,
the same investigation found that corner geometry was possibly incorporating a strong multidimensional magnification of chloride ingress, thus, no obstruction correction was required.
It is recommended that these regimes are further evaluated. More detailed information
regarding the correction procedure for each type of structural element is contained in the
FRM [106].
The chloride diffusion coefficient distribution was assumed to follow a normal distribution
with a mean value adequate to each concrete class. The distribution formulation, coefficient
of variation, upper and lower limit are summarized in Table 7.2. Additionally, a simplified
methodology is used to select the value of D for a given structural element. The value
representative of the most severe exposure condition is selected for the entire element, thus,
resulting in an increased conservativeness of the life-cycle analysis results.
The FRM-base model used in this investigation does not account for the time-variability
of D in which a reduction in this value would be likely expected over time [110]. A previous
FDOT report suggests that since most chloride diffusion coefficient values were obtained
from structures at mature ages, the effective long-term diffusion could be represented [111].
Similarly, the effect of variations in temperature throughout the structural elements is not
taken into consideration. It is important to highlight that this approach is rather conservative
due to the scarcity of data and should be examined in the future as more information becomes
available.
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7.1.2.1

Chloride Threshold

The value of CT was obtained using the formulation proposed in a prior FDOT investigation in which a reference value was calculated for plain steel. The CT for CS was assumed to
be equal to 0.4% of the nominal cementitious factor (CF) of a given concrete class. Preliminary multipliers were selected for each type of steel which would account for the expected
increase of CT for corrosion-resistant alloys such as SS. The multipliers for each type of steel,
CF and CT values per type of concrete class are listed in Table 7.2. These values have been
obtained from existing literature as well as FDOT previous investigations [63, 64, 106], however, these are only included to provide as a reference to perform more realistic estimations
and require further investigation.
The value of CT , treated as constant in the model, is subject to variability with time,
random changes in the concrete-steel interface, and the value of the local potential of the
steel while still in the passive condition. For the first two categories, the CT variability was
subsumed within the assumed variability in CS , given that the ti depends on the ratio between CT /CS rather than CT itself. Thus, the variability of CS is conservatively considered to
account for the variability of the CT /CS term. For the variability due to the potential dependence, a tentative approach by means of a correcting parameter was used and incorporated
in the forecasts as described in the FRM [106].

7.1.3 Duration of the Corrosion Propagation Stage
As discussed earlier in this report, laboratory results and literature evidence indicate that
any corrosion propagation behavior improvement of SS with respect to that of CS may vary
significantly. Influential parameters determined earlier, such as the corrosion morphology,
type and size of rebar, XC , corrosion penetration and corrosion rate were included in obtaining estimates of tp for the various material choices considered. The adopted value of tp for
each case was obtained as the ratio of the corrosion radius loss (see Section 6.1.3.2), which
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Table 7.2: Concrete and steel bar parameters for durability projections.*
D / in2 yr-1
Concrete class
Distribution formulation

Cl- concentration in Water / ppm

Cl- concentration in Water / ppm

Cl- concentration in Soil / ppm

Cl- concentration in Soil / ppm

Distribution formulation

Type of rebar
Multiplier
Concrete class
CF / pcy
CT / pcy

Chloride Diffusion Coefficient, D
1
0.3
0.1
I
II
III
mean
standard deviation lower limit
µ
sd
D
25%
3*sd
Chloride Surface Concentration, Cs
>6000

0.02
IV
upper limit

0.01
V

0.0075
VI

10*sd
Cs / pcy
Footings
15
40
40

Submerged
Tidal
Splash-Evap
Atmospheric

Sq. piles
15
40
40
15

Columns
15
40
40
15

Submerged
Tidal
Splash-Evap
Atmospheric

7.5
20
40
10

7.5
20
40

7.5
20
40
10

Buried
Atmospheric

10
10

10
10

10
10

7.5
7.5
upper limit

7.5
7.5

≤ 6000

>2000

≤2000
Buried
7.5
Atmospheric
7.5
mean
Standard deviation lower limit
µ
sd
Cs
25%
3*sd
Chloride Threshold, CT
Plain Steel
Ferritic
E.Duplex
1
2
4
I
II
III
544
575
600
2.18
2.3
2.4

3*sd
Austenitic
10
IV
650
2.6

V
700
2.8

VI
752
1

*

Notice: The values contained in this table are used to exemplify durability projections of SS and CS. These
are subject to further evaluation

is responsible for causing cracking of the concrete or mechanical failure, and the corrosion
rate (see Section 6.1.3.1).

7.1.3.1

Corrosion Rate

Each type of reinforcement bar was assigned a flat corrosion rate value based on the experimental results obtained in this investigation. A baseline corrosion rate value for plain steel
of 20 µm.yr-1 was provisionally abstracted from a prior FDOT investigation [55]. According
to the criteria presented by Andrade and Alonso [36] and Otieno et al. [32] (see Section
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2.1.4.3), this value represents high risk of corrosion damage for humid concrete exposed to
chloride-contaminated environments.
For the present investigation, the baseline value was calculated assuming that the duration of the corrosion propagation time was 5 years and the XCRIT value was about 100
µm. Subsequent to the selection of the baseline value, a multiplier was assigned to each
type of SS reinforcement bar. Three classes of SS were considered: ferritic SS comparable to
straight-Cr alloys, economic duplex (E. Duplex) SS selections of moderate PREN, and highgrade austenitic SS with high PREN. Furthermore, corrosion rates once corrosion initiates
are tentatively assumed to be similar for CS and ferritic SS and smaller for the economic
duplex and austenitic SS. For the ferritic SS a value of that multiplier =1 (essentially no
corrosion rate benefit over CS) was chosen considering the experimental data obtained in this
investigation. Furthermore, conservative multipliers for the economic duplex and austenitic
SS were provisionally assigned based on experimental data obtained in this investigation
from the specimens described in Section 3.1 and 3.2. The values assigned for each type of
steel are listed in Table 7.3. It is important to note that the available information regarding
the corrosion propagation of SS is still limited. Hence, as more data becomes available, more
accurate corrosion rate estimates could be used.
Table 7.3: Tentative corrosion rate for each type of steel reinforcement.
Corrosion Rate, CR
Type of rebar Plain steel Ferritic E. Duplex
Multiplier
1
1
0.50
CR / µm.yr-1
20
20
10

7.1.3.2

Austenitic
0.25
5

Local Limit State

Due to the highly localized corrosion morphology of SS, two service life limit states were
considered: cracking of the concrete and mechanical degradation due to the loss of yield
strength and/or ductility of the steel, further detailed in Chapter 4.
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The critical corrosion penetration to cause cracking of the concrete was first estimated
using the model proposed by Busba [71], expressed in Equation 12. This model considered the
clear cover, diameter of the rebar and length of the anode. Several iterations were performed
using different combinations of clear cover ranging from 5 in to 2 in. Additionally, the
diameter of the rebar was selected based on marine structures and the length of the anode
was assigned considering experimental results from this investigation as well as available
literature [4]. The length of the anode was assumed as 8 in and 1.5 in for CS and SS,
respectively.
XCRIT calculations were compared to corrosion penetration values required to reach the
mechanical limit (Xmech) as expressed in Equation 17). The initial yield strength (fy0 )
was conservatively assumed as 60 ksi (∼413 MPa), which is typically the grade used for
CS reinforcement. The evaluated yield strength (fy ) was assumed as ∼32 ksi (220 MPa),
which was selected as the critical serviceability yield strength in this section of the report.
Corrosion penetration values are listed in Table 7.4 and Table 7.4.
Table 7.4: Corrosion penetration estimations for SS. Cells highlighted in light and dark
gray represent cracking of the concrete and mechanical failure, respectively.

Clear cover \in
1
2
3
4
4.5
5

7.1.3.3

3
62
206
447
707
707
707

Corrosion penetration \µm
Bar size \No.
4
5
6
7
8
9
47 37 31 27 23 21
154 123 103 88 77 69
335 268 224 192 168 149
602 482 401 344 301 268
770 616 514 440 385 342
943 771 642 551 482 428

10
19
62
134
241
308
385

11 14 18
17 13 10
56 44 34
122 96 75
219 172 134
280 220 171
350 275 214

Preliminary Estimates of the Duration of the CPS

The estimates of tp used in this study per the parameter values chosen in the previous
subsections are listed in Table 7.6. It is noted that many of the assumptions used are working
propositions. For example, the degree of corrosion localization could be even greater than
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Table 7.5: Corrosion penetration estimations for CS. Cells highlighted in light and dark
gray represent cracking of the concrete and mechanical failure, respectively.

Clear cover \in
1
2
3
4
4.5
5

3
37
92
166
264
322
387

Corrosion penetration \µm
Bar size \No.
4
5
6
7
8
9
10 11
28 22 19 16 14 12 11 10
69 55 46 39 34 31 28 25
125 100 83 71 62 55 50 45
198 158 132 113 99 88 79 72
242 193 161 138 121 107 97 88
290 232 194 166 145 129 116 106

14
8
20
36
57
69
83

18
6
15
28
44
54
65

those indicated earlier, resulting in the estimates below being conservative for SS reinforcement. Further data will be required to validate the applicability of the existing models to
SS and implement corrections to account for the non-uniformity of corrosion throughout the
length of the anode.
Table 7.6: Time of propagation for different types of steel reinforcement, concrete cover
and bar size.
Xc
in
5
4.5
4
3
2

Bar size
No.
11
10
11
10
11
10
11
10
11
10

Plain Steel
5.3
5.8
4.4
4.8
3.6
4
2.3
2.5
1.3
1.4

tp .yr-1
Ferritic Duplex
17.5
35.0
19.3
38.5
14.0
28.0
15.4
30.8
10.9
21.9
12.0
24.1
6.1
12.2
6.7
13.4
2.8
5.6
3.1
6.2

Austenitic
70.1
77.1
56.0
61.6
43.8
48.2
24.4
26.8
11.2
12.3

7.1.4 Global Limit State
A global limit state was assigned to each group of elements, i.e. piles, footings and
columns as well as to the integrated structure. In the present investigation, a value of 2.3%
representing the permitted surface-apparent damage in the entire structure was selected.
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This integrated, total damage (not to be confused with the local limit states addressed
previously) was estimated considering the fraction of elements that would reach the limit
state in the structure. This value was abstracted from the FRM [106] and was comparable to
the one adopted by a representative agency of European practice [112]. The global limit state
was selected to exemplify the durability of SS in comparison to CS for FDOT structures.
It is important to note that this value was provided only as a reference since it depends on
a number of factors such as type of bridge, and serviceability requirements. In addition,
only the substructure portion of a marine bridge or similar entity was analyzed in this
investigation. Thus, the meaning of this parameter could vary if the entire structure were
considered.

7.2

Case Study
The substructure of a representative FDOT bridge was used to evaluate the serviceability

life of structures reinforced with plain steel and SS in terms of durability. The bridge was
composed of 36 substructure bents (piers) for each exposure condition (IW and IS) which
were comprised of square piles, rectangular footings, and columns. All elements were assumed
to be cast-in place. The square piles were about 40 ft long and presented 30 in sides. For
practical purposes, one type of pile array was proposed for all piers. It consisted of 12 piles
per pier. The footings were ten feet long, eight feet wide and ten feet high. Moreover, the
columns of the substructure were assumed to have a round shape with a ten ft diameter
and a length of 40 ft. Each pier was assumed to have one footing and one column. The
number of elements and dimensions considered for each exposure condition (IW and IS) are
contained in Table 7.7.
Each component was divided into discrete elements to evaluate the sub-exposure conditions to which it would be expected to be subjected. This is further explained in Section
6.1.1.1. Similarly, default chloride surface concentrations were assigned to each sub-exposure
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Table 7.7: Summary of structural components for each exposure condition.

No.
Dimensions
Bar size

Structural components
Sq. piles Footings
432
36
A / in
30
120
B / in
96
No.
11
11

Columns
36
120
10

category as explained in Section 6.1.1.3. The propagation time was estimated for each iteration as described in Section 6.1.3.
A first set of iterations were performed to evaluate the proposed substructure for each
type of steel under two scenarios. The concrete cover, concrete class, and rebar diameter for
each were abstracted from the FDOT SDG. The main variations between scenarios are listed
in Table 7.8. The remaining parameters including D, CS , CT , XC and tp were the same in
the two proposed scenarios.
• First scenario: Moderately aggressive environmental exposure. As base values, the minimum requirements from the FDOT SDG [108] were selected to evaluate the durability
of plain steel and SS reinforced structure under a moderately aggressive environment.
A minimum concrete cover of four inches is required for external surfaces cast against
water and/or earth in the substructure per FDOT SDG [108] specifications. Similarly,
concrete class IV is specified for cast-in place elements for this environmental classification. The diffusion coefficient was assigned the default value for concrete class IV,
contained in Table 7.2.
• Second scenario: Extremely aggressive environmental exposure. As in the previous
scenario, the minimum requirements are abstracted from the FDOT SDG [108] and
used as inputs for this evaluation. A minimum concrete cover of four and half inches
is required for external surfaces cast against water and/or earth in the substructure
per FDOT SDG [108] guidelines. Similar to the moderately aggressive requirements,
concrete class IV is permitted for cast-in place elements. Nevertheless, concrete class
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V with pozzolanic cement replacement was used for the piles. The diffusion coefficient
was calculated as described in Section 6.1.2 using a cementitious factor of 750 and a
water to cementitious material ratio of 0.41.
Subsequently, a second set of iterations were performed to evaluate the effect of the
concrete cover on the same environmental classifications. Clear concrete covers ranging from
two to five inches were examined for each type of steel.
Table 7.8: First and second scenarios considered for the given substructure.
Scenario
Environmental classification
Structural element
Square piles
Footings
Columns

I
II
Moderately aggressive Extremely aggressive
Concrete type
IV
V*
IV
IV
IV
IV

7.2.1 General Discussion
Service life design for two different scenarios was performed using the parameters described in this section, and the adopted global limit state of 2.3% surface damage. The
minimum requisites specified in the FDOT SDG [108] for each environmental exposure class
were met and evaluated for different steel reinforcement types such as CS and three SS alternatives. The results are also contrasted with the 75-year FDOT design life criterion. [108]
Cumulative damage functions per the FRM [106] were obtained for every group of structural
elements as well as for the overall substructure (bridge). Results were plotted in one graph
per steel reinforcement type for each scenario as shown in Figure 7.1, Figure 7.2, Figure 7.3,
and Figure 7.4. The results for both scenarios suggest that footings are usually the most
vulnerable structural element under these conditions. This could be explained by the subexposure conditions to which footings are subjected. About three quarters of the footings
were assumed to be under tidal or splash-evaporation regimes which are associated with
higher concentration of chlorides on the concrete surface.
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Under moderately aggressive environmental classification it was found that CS reinforcement failed to meet the 75-year design life criterion, shown in Figure 7.1a. The estimated
serviceability limit for plain steel was projected to be about 50 years indicating that additional measures would be required to meet the 75-year criterion. In contrast, all the types of
SS reinforcement bars were projected to surpass the 75-year lower limit with a service life of
about 80 years, 140 years and over 200 years for ferritic, economic duplex and austenitic, respectively. Figure 7.3 and Figure 7.4 shows the cumulative damage function for the stainless
steel rebar alternatives.

(a) Carbon steel

(b) Ferritic SS

Figure 7.1: First scenario (moderately aggressive): life cycle analysis for CS and ferritic SS
reinforcement.

(a) E. Duplex SS

(b) Austenitic SS

Figure 7.2: First scenario (moderately aggressive): life cycle analysis for E. duplex and
austenitic SS reinforcement.

Similarly, concrete elements reinforced with plain CS under extremely aggressive conditions were not projected to meet the 75-year service life requirement. Although a higher
concrete class was used in the piles to account for the increased concentration of chlorides,
the projected 70-year service life was still five years less than the minimum criterion, shown
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in Figure 7.3a. Thus, it would need additional improvements to the concrete or corrosion
protection methods to satisfy this specification. The concrete class improvement for the piles
appeared to have a greater effect on the projected lifetime of elements reinforced with SS.
Figure 7.3 and Figure 7.4 shows that all of the cumulative damage function results for SS reinforcement exceeded the 75-year service life specification. The service life of ferritic, duplex
and austenitic SS was approximately 110 years, 190 years and over 200 years, respectively.
In this scenario, the service life estimation for duplex and austenitic SS is about four times
greater than that of CS. In addition, the projected service life of ferritic SS exceeds by a
factor of two that of CS.

(a) Carbon steel

(b) Ferritic SS

Figure 7.3: Second scenario (extremely aggressive): life cycle analysis for CS and ferritic SS
reinforcement.

(a) E. Duplex SS

(b) Austenitic SS

Figure 7.4: Second scenario (extremely aggressive): life cycle analysis for E. duplex and
austenitic SS reinforcement.

The same scenarios were selected to examine CS and three types of SS, those being
ferritic, economic duplex and austenitic, with variations in the clear concrete cover. The
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results were plotted in Figure 7.5 and Figure 7.6 for the moderately and extremely aggressive
environmental exposure, respectively. It can be observed that for both scenarios CS presents
the lowest projected performance in terms of durability. As it was previously mentioned, CS
was projected to fail to meet the 75-year design criterion in both cases. It can be observed
that the durability of SS will highly depend on the alloy. Although ferritic SS presents a
larger projected service life when compared to that of CS, the projected added benefit of
duplex and austenitic SS is much greater.
Figure 7.5 shows that for moderately aggressive exposure conditions, the model projected
that CS would need a clear cover greater than 4.5 in to meet the 75-year service life specification. While the projection indicated that ferritic SS barely passed the minimum service life
requirement when considering a 4-in cover, duplex SS considerably exceeded it. Nevertheless,
a 3-in cover was not enough for the projected duplex SS behavior to meet this requirement.
For austenitic SS, a concrete cover as small as 2-in still was projected to meet the 75-year
service life criterion. This was also found to be the case for the second scenario evaluated.
Similar findings were obtained for extremely aggressive conditions, as shown in Figure
7.6. The 75-year service life criterion was projected to be met with a concrete cover of
5-in, 4-in, 3-in and 2-in for plain steel, ferritic, duplex and austenitic SS, respectively. It
is important to note that the clear concrete covers displayed in this investigation are only
provided to give an estimate of the benefit in terms of durability that SS reinforcement could
represent over plain carbon steel.

7.2.1.1

Significance of Model Projections

Recognizing the inherent uncertainty of any modeling approach, the durability projections strongly supported the expectation of improved performance by using stainless steel of
any of the types considered, as a replacement for plain steel rebar. In the case of the most
corrosion resistant SS alloy, forecast results suggest that the global limit state assuming a
target design life of 75 years would be met even with moderate concrete cover values. While
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Figure 7.5: First scenario: life cycle analysis under moderately aggressive conditions as a
function of concrete cover for each type of steel.

Figure 7.6: Second scenario: life cycle analysis under extremely aggressive conditions as a
function of concrete cover for each type of steel.
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it is known that the extended durability is in part due to much greater times to corrosion
initiation, it was previously uncertain how much credit could be provided to the corrosion
propagation stage. The model projections suggest that the portion of extended durability
that may be attributed to the propagation stage is could be quite substantial. For the two
more corrosion resistant SS alloys, the projected corrosion propagation stage duration was
over one order of magnitude greater than that for plain steel. This point was enhanced especially when the cover to rebar diameter ratio was greater. Thus, it is recommended that in
future evaluations of the relative benefit of using SS rebar instead for plain steel, leading to
revised SDG statements, modeling calculations of the type described here be used to update
requirements such as minimum cover or concrete class accordingly.
While based on numerous working assumptions, the modeling approach used here is a
promising first step in rational durability forecasting of concrete structures reinforced with
stainless steel. Future improvements of this model could also include accounting for the
variation of diffusivity over time, the effect of temperature on the diffusivity as well as the
surface concentration of chlorides on the structure. Furthermore, more advanced modifications could include corrosion rate variations over time due to fluctuations in environmental
parameters.

127

8. Concluding Remarks

8.1

Corrosion Propagation Stage Parameters
• Experimental results suggest that provided an aggressive enough environment, the
corrosion rates of the least corrosion-resistant stainless steel grades may be comparable
to those of carbon steel. However, it is likely that the highest corrosion rate achievable
for even ferritic SS in concrete is less than that of CS.
• The corrosion morphology for stainless steel in concrete is more localized than the
corrosion normally observed for carbon steel reinforcement. In sound concrete the
length of the corroding portion of stainless is only a fraction of that of carbon steel.
Additionally, while corrosion on carbon steel eventually occurs around the entire circumference of the steel, corrosion of stainless steel may be confined to less than half of
the circumference.
• Based on the corrosion morphology of stainless steel and the known relationship between XCRIT and corrosion morphology, it can be expected that an XCRIT associated
with cover cracking will be greater for SS than for CS.

8.2

Limit State for Sound Concrete
• Due to the highly localized corrosion morphology of SS, corrosion induced mechanical
failure of the reinforcement may need to be considered as a limit state. Although further
work is required to confirm this, considering mechanical failure of the reinforcement as
the expected limit state may be critical for larger cover thicknesses (4-5 in). How the
likely modes of mechanical failure impact the overall structural durability will need to
be assessed.
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8.3

Limit State for Locally-deficient Concrete
• For locally deficient concrete, SS corrosion appear to promote a damage morphology
that only covers a portion of the steel circumference, and may have an anode length
that is less than that of CS. Results from a simple model developed to determine the
amount of corrosion required to further damage the concrete cover in locally deficient
concrete suggest that SS corrosion is more likely to result in a mechanical damage
limit state, than in the case of CS. However, more work is required to determine the
accuracy of the model and whether any modifications are required.

8.4

Feasibility of Corrosion Detection Techniques
• Half-cell potential experimental results and model simulations indicate that the corrosion morphology and cathodic kinetic limitations of SS reinforcement may cause
a reduction in sensitivity. The ASTM corrosion probability designations based on
HCP values may require modification for application to SS corrosion. Electrochemical impedance spectroscopy measurements in reinforced concrete without a current
confinement method may greatly underpredict corrosion rates if corrosion is highly
localized.
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9. Path Forward

The results and projections presented in this report should be verified with extended
experimental studies. Presently, the models that were used in this work to estimate the
critical corrosion penetration are empirical models that were based on experiments with
carbon steel reinforcement and are likely not directly applicable to stainless steel due to
the difference in corrosion morphology. Since corrosion of stainless steel reinforcement may
be confined to only a portion of the circumference, it is likely that the critical corrosion
required to crack the concrete will be greater than that of carbon steel, potentially making
a mechanical failure limit state more probable. Therefore, a thorough understanding of
mechanical properties of corroded stainless steel reinforcement is required to identify the
most likely limit state. The mechanical relationships used in the work were developed for
carbon steel. Therefore, mechanical testing of corroding stainless steel reinforcement should
be performed to develop a relationship between corrosion morphology and residual strength.
Based on the limitations of the present work, the following research is proposed:
1. Develop XCRIT model applicable to SS that considers localized corrosion morphology.
Accelerated corrosion experiments should be performed to establish an XCRIT model
suitable to corrosion of SS in concrete. Experiments should be performed with known
anode sizes and cover dimensions. The results may be used to determine a mathematical model that would be a function of anode length, circumference, rebar size,
and cover thickness. Finite element simulations may be performed in conjunction that
considers the fracture toughness of the concrete and the expansion of the corrosion
products.
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2. Establish relationships between corrosion damage and mechanical properties of SS
alloys while considering extreme localization.
The residual strength of the reinforcement will depend significantly on the corrosion
morphology. Corroded stainless steel bars may be mechanically tested to develop a
mathematical relationship between corrosion penetration and localization and residual
tensile strength and ductility.
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[45] Snezana Gojković, Strahinja Zečević, Maja Obradović, and Dragutin M Dražić. Oxygen reduction on a duplex stainless steel. Corrosion science, 40(6):849–860, 1998.
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Moreno, and Victoria Matres. Threshold concentration of chlorides in concrete for
stainless steel reinforcement: Classic austenitic and new duplex stainless steel. Construction and Building Materials, 186:495–502, 2018.
[65] Marı́a C Alonso, Carmen Andrade, Marta Castellote, and Pedro Castro. Chloride
threshold values to depassivate reinforcing bars embedded in a standardized opc mortar. Cement and Concrete research, 30(7):1047–1055, 2000.
[66] NACE. State of the art report on corrosion-resistant reinforcement. Report, NACE
International, 2018.
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